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Preface

Eighty percent of the impacts are decided at the design stage, and hence it is crucial
to implement sustainability aspects and strategies in the design stage. The crux of
the book is to deal around the sustainability aspects in textile design and clothing
design. This volume addresses many important topics such as innovative sustain-
able apparel design: application of CAD and upcycling process, repurposing of
fashion, etc. It begins with the work titled Sustainable Textile Designs Made from
Renewable Biodegradable Sustainable Natural Abaca Fibers developed by Feristah
Unal, Ozan Avinc, and Arzu Yavas; it gives detailed information regarding abaca
fiber, its production, its chemical structure, its physical and mechanical properties,
and also sustainable textile designs made from sustainable abaca fiber.

The following chapter, Analysis of Zero Waste Patternmaking Approaches for
Application to Apparel, written by Ellen McKinney, Sunhyung Cho, Ling Zhang,
Rachel Eike, and Eulanda Sanders, conducts a systematic review on zero waste pat-
ternmaking and its application to the apparel industry.

Then, Mercy Rugedhla, Disele P. L. P, Moalosi R., and Fidzani L.C. develop the
chapter titled Factors that Affect Sustainability in the Textile Design Industry in
Kadoma, Zimbabwe. They explore the need to develop sustainable textiles and
materials in Kadoma, Zimbabwe, and outline the factors that affect sustainability in
textile designing companies in Kadoma, explaining how the textile industry can
gain sustainability through the use of sustainable textile production and people-
centered designing methods.

Subsequently, in chapter Contributions to Sustainable Textile Design with
Natural Raffia Palm Fibers, by Feristah Unal, Arzu Yavas, and Ozan Avinc, the
purpose of writing is to detail the structure, properties, production methods, and end
use applications and designs of the raffia palm fibers.

Moving on to the next chapter, Innovative Sustainable Apparel Design:
Application of CAD and Redesign Process, Chanmi Hwang and Ling Zhang present
insights for designers, researchers, and educators seeking innovative ways to prac-
tice redesign activities within sustainable apparel design methods at micro- and
macro-levels of the apparel industry.
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The following chapter entitled, Bacteria Working to Create Sustainable Textile
Materials and Textile Colorants Leading to Sustainable Textile Design, by Fatma
Filiz Yildirim, Arzu Yavas, and Ozan Avinc, explores in detail the possibilities and
use of sustainable bacterial cellulose for textile substrates and sustainable bacterial
pigments as sustainable textile colorants.

Later, R. Rathinamoorthy, in the chapter entitled Sustainable Clothing Designs
for Fashion: Design Strategies and Its Implementation Possibilities, analyzes the
importance of implementing the sustainable strategies in design stage along with
the role designers. It also discusses applications of design for disassembly (DfD),
design for zero waste, design for longevity, design for co-design, design for end of
life (EoL), etc. in the fashion industry.

In the following chapter, Contribution of UV Technology to Sustainable Textile
Production and Design, Feristah Unal, Ozan Avinc, Arzu Yavas, Hiiseyin Aksel
Eren, and Semiha Eren explore ultraviolet (UV) and UV technology, usages, contri-
butions, and production efficiency advantages to sustainable textile production and
design (e.g., the use of UV technology in decolorization and purification of textile
wastewaters, pretreatment and surface modification processes prior to coloration
processes, UV curing process, and pilling problem prevention).

In the next chapter, Repurposing Design Process by Rachel Eike, the term
“repurposing” is used to describe the process that utilizes discarded textiles to create
new fashion (textile-based) products. It provides and analyzes the four repurposing
levels through case study application to detail the creative design.

Dr. Sheetal Jain in his chapter, Doodlage: Reinventing Fashion via Sustainable
Design, explores the emergence of an alternative notion to luxury, away from the
ubiquitous luxury conglomerates and their dominant luxury brands.

Then, Sustainability in Textile Design with Laser Technology, developed by
Feristah Unal, Arzu Yavas, and Ozan Avinc, analyzes the contribution of laser tech-
nology, as a dry and clean method, to sustainable textile production and design.

Finally, Veena Rao, Rajesh Kumar, Aysha Shaima, and Venkatachalam A, in their
chapter University Intervention in Inculcating Design Practices for Sustainable
Fashion, explore the model and role that involves stakeholders and institutions of
higher education on ecological sustainability and sustainable design practices
among the budding designers.

Kowloon, Hong Kong Subramanian Senthilkannan Muthu
Buenos Aires, Argentina Miguel Angel Gardetti
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Sustainable Textile Designs Made
from Renewable Biodegradable
Sustainable Natural Abaca Fibers

Feristah Unal, Ozan Avinc, and Arzu Yavas

Abstract Nowadays, interest in sustainable and renewable-origin textile fiber
usage on textile design and fashion is increasing with the increasing environmental
problem. Therefore, sustainable textile designs made from renewable biodegrad-
able, sustainable, and natural fiber alternatives has become a recent trend. The tex-
tile industry is now turning its face to biodegradable and environmentally friendly
textile resources for their designs to leave a livable world for future generations. In
the recent years, abaca fiber which is a renewable, biodegradable, sustainable, eco-
friendly, and natural fiber alternative for the textile designs comes into prominence
with their ecological properties and superior daily usage performance. Indeed,
abaca fibers are biodegradable and renewable natural fibers and are listed among the
sustainable textile resources. The abaca plant endemic in Asia is usually grown in
the Philippines, Ecuador, Borneo, and Sumatra. Abaca fibers display a wide range
of different designed applications owing to their promising properties. In many
years, abaca fibers have been used for ship navy, rope, fishing net, etc. Also, the use
of abaca fibers as paper is quite common. In the recent years, natural sustainable
textile fibers have been preferred not only in apparel sector but also in technical
textile applications such as composite material designs and products. For instance,
many different designed products such as garments, clothing, shawls, curtains, fur-
nitures, carpets, mats, hats, coasters, pillows, packaging materials, handicraft prod-
ucts, decoration materials, decorative lamps and lampshades, flower-wreath
ornaments, multipurpose baskets, tabletop accessories, sports equipments, ropes,
fishing nets, bags, papers, money papers, cigarette filter papers, wrapping papers,
tea bags, cardboards, chipboards, liquid filtration filters, and various industrial
textile materials such as medical articles and composites for different purposes can
be made from abaca fibers. Indeed, nowadays, abaca fibers can be utilized in the
place of glass fibers in automotive industry technical textiles and composite applica-
tions. In this chapter, information regarding abaca fiber, its production, its chemical
structure, and its physical, chemical, and mechanical properties and sustainable
textile designs made from sustainable abaca fibers, is given in detail.

F. Unal - O. Avinc (<) - A. Yavas
Textile Engineering Department, Engineering Faculty, Pamukkale University, Denizli, Turkey
e-mail: oavinc@pau.edu.tr
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Introduction

It is known that fibers are first used to meet the dressing requirements of people and
their use area is increasing day by day (Bellmann et al. 2005; Mert and Copur 2019).
However, environmental pollution has also started to increase with the increase in
the utilization area of textile fibers. Therefore, production without consuming natu-
ral resources and damaging the environment has become important all over the
world. This means sustainability. In other words, sustainability means ensuring the
continuity of diversity and productivity with the available resources and not to jeop-
ardize the quality of life of future generations. Interests in sustainable, recovery,
biodegradable, and environmentally friendly fibers are also increasing with the
increasing awareness of production and consumption in the world. Therefore, now-
adays, interest in sustainable and renewable-origin textile fiber usage on textile
design and fashion is increasing with the widely known increasing environmental
problems. Consequently, sustainable textile designs made from renewable biode-
gradable, sustainable, and natural fiber alternatives have become a recent trend. The
textile sector is now turning its face to biodegradable and environmentally friendly
textile resources for their designs to leave a livable world for future generations.
The most important sustainable alternatives are plant-based textile fibers which
belong to the natural fiber group (Korkmaz 2015; Dogan 2011; Rahman et al. 2009;
Santoso et al. 2017). More than 1000 fiber plants in the world are used today for
different purposes. Many of these plant fibers still meet local needs, even if they are
not economically important (Bellmann et al. 2005; Mert and Copur 2019). In the
recent years, abaca fiber which is a renewable, biodegradable, sustainable, eco-
friendly, and natural fiber alternative for the textile designs comes into prominence
with their ecological properties and superior daily usage performance. The abaca
plant, which has the appearance of a palm tree, is also known as a fiber plant (Baser
1992). These plant fibers, also known as Manila hemp, are also known as cord fibers
due to their common usage for cords (Saleeby 1915; Jarman 1977). Indeed, many
years, abaca fiber has been used for ship navy, rope, fishing net, etc. Abaca natural
fibers are grouped in the leaf fibers section (Vijayalakshmi et al. 2014; Future Fibres
2019; Mwaikambo 2006; Del Rio and Gutiérrez 2006; Lewin 1998; Paridah et al.
2015; Bledzki et al. 2007). Abaca fibers are obtained from leaf sheaths which form
the false stem and stem of the abaca plant together with the central core (Saleeby
1915; Jarman 1977; Saragih et al. 2018). Abaca plant, which attracts attention with
its resemblance to banana plant, is a nonedible banana species (Saleeby 1915;
Jarman 1977; Blackburn 2005; Mert 2009; Saragih et al. 2018; Kumar et al. 2017).
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However, it is known that the yield of the fibers obtained from the edible banana
plant is less than half the yield of the fibers obtained from the abaca plant (Saleeby
1915; Jarman 1977; Saragih et al. 2018).

There are more than 400 varieties of abaca plant, which are cultivated in humid
areas such as the Philippines, and only 20 of them are of commercial importance
(Baser 1992; The Good News Pilipinas Team 2016; Saragih et al. 2018). Abaca fiber
production in the world is 100-140 thousand tons, and 90-94% of the fiber produc-
tion is obtained from the Philippines (Baser 1992; Lewin 1998; Yazicioglu 1999).
Abaca fiber is also produced in Borneo and Sumatra (Lewin 1998). The majority of
abaca fibers produced in the Philippines remain in the domestic market, while raw
fiber exports are carried out by Ecuador (Amatta 2017; FAO Statistics 2016; Chang
2013). Abaca fiber and manufacturing industry exports declined due to the decrease
in global demand between 2011 and 2013 and recovered in 2014. Generally, abaca
fiber is exported to the European Union, Japan, and China (Amatta 2017; FAO
Statistics 2016; Chang 2013). Abaca fibers displaying high strength and extremely
good fiber length (varying between 2 and 3 m) are now used as industrial raw mate-
rials in the automotive industry (Wiihhlbauer and Hutter 2002; Youtube 2016;
Saleeby 1915; Suantara and Oktaviani 2015; Onggo and Judawisastra 2018). In the
recent years, natural fibers have been preferred as industrial raw materials in the
automotive industry. Because of their ecological advantages, in composite struc-
tures, natural fibers are now used in the place of synthetic fibers. This has made the
use of natural fibers such as abaca fibers in different industrial areas widespread
(Wiihhlbauer and Hutter 2002; Youtube 2016; Suantara and Oktaviani 2015; Onggo
and Judawisastra 2018). In this sense, the use of abaca fiber-reinforced composite
structures is also becoming widespread. Composite structures reinforced with abaca
fibers have been used for floor protection for passengers and patented by Daimler-
Chrysler researchers (Wiihhlbauer and Hutter 2002; Agung et al. 2011; Hadi et al.
2011; Cavdar and Boran 2016). The fact that renewable abaca fibers are long fibers
and have a porous structure with high strength and thinness shows that they can be
used for also paper production (Del Rio et al. 2006; Blackburn 2005). Abaca fibers
utilized in the production of special papers such as tea and coffee bags, money
papers, and cigarette filter papers generally have a pale white color (Future Fibres
2019; Del Rio et al. 2006; Blackburn 2005; Kaya and Yazicioglu 1992). Ropes,
rugs, furnitures, and carpets are also made from abaca fibers (Youtube 2016; Shibata
et al. 2002; Thakur and Thakur 2014; Suantara and Oktaviani 2015). It is also
widely utilized in the production of handicrafts. Furthermore, abaca fibers are used
in the manufacture of marine ropes and fishing industry because of its resistance to
moisture and saltwater (Baser 1992; Agung et al. 2011; Del Rio et al. 2006; Rahman
et al. 2009; The Good News Pilipinas Team 2016; Blackburn 2005; Kaya and
Yazicioglu 1992; Mert 2009; Suantara and Oktaviani 2015; Kumar et al. 2017).
Another area of application is the use of abaca fiber wastes as organic fertilizer
(Future Fibres 2019).

Although the abaca fibers display many different usage applications, its use in
the industrial area is still not sufficient because of the lack of proper and sufficient
equipment and machinery for the production and processing of abaca fibers
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(Wiihhlbauer and Hutter 2002). Considering this, the production, processing, and
production conditions of abaca fibers need to be improved. In this sense, many dif-
ferent projects, collaborations, and feasibility studies were initiated and carried out.
For instance, technical cooperations are carried out with the experienced companies
of the automotive industry. Moreover, projects are supported by the German Agency
of GTZ, as well as scientific institutions and local experts such as the National
Abaca Research Center at Leyte State University. Environmental education, sus-
tainable habitat conservation, and ecological assessment of the production and pro-
cessing of abaca (Manila hemp) are also included in the project by the European
Nature Heritage Fund (EURONATURE) (Wiihhlbauer and Hutter 2002).

In the recent years, natural sustainable textile fibers have been preferred not only
in apparel sector but also in technical textile applications such as composite material
designs and products. In this chapter, information regarding abaca fiber, its produc-
tion, its chemical structure, and its physical, chemical, and mechanical properties
and sustainable textile designs made from sustainable abaca fibers, is given in detail.
Firstly, brief information about abaca plant, its history, and cultivation is given.
Then, the methods of obtaining abaca leaf fibers were classified. And then, chemical
structure and physical, chemical, mechanical properties of abaca leaf fibers are
explained in detail. Finally, the contribution of sustainable abaca fibers to textile
design and textile designs made from sustainable abaca fibers and different applica-
tion areas of abaca fibers are comprehensively reviewed.

Abaca Plant

Abaca is an Asian plant (Musaceae 2019; Saragih et al. 2018). It is generally culti-
vated in humid tropical regions such as Ecuador, the Philippines, and eastern
Indonesia. It is also cultivated in Borneo and Sumatra. Abaca is also known as
Manila hemp since this plant has been grown in Manila which is the capital of the
Philippines (Vijayalakshmi et al. 2014; Future Fibres 2019; Mwaikambo 2006;
Lewin 1998; Paridah et al. 2015; Bledzki et al. 2007; FAO Statistics 2016;
Wiihhlbauer and Hutter 2002; Agung et al. 2011; Hadi et al. 2011; Del Rio et al.
2006; Cai et al. 2015; Spencer 1953; Wester 1927; Bledzki et al. 2009; Berkley et al.
1949; Saleeby 1915; Liu et al. 2012; Parrott-Sheffer 2019; The Good News Pilipinas
Team 2016; Blackburn 2005; Kaya and Yazicioglu 1992; Mert 2009; Yazicioglu
1999; Suantara and Oktaviani 2015; Saragih et al. 2018. Abaca is a flowering plant
belonging to the family Musaceae (Musaceae 2019; Saragih et al. 2018). The scien-
tific name of the abaca plant is Musa textilis (Fig. 1) (Vijayalakshmi et al. 2014;
Future Fibres 2019; Mwaikambo 2006; Lewin 1998; Paridah et al. 2015; Bledzki
et al. 2007; FAO Statistics 2016; Wiihhlbauer and Hutter 2002; Agung et al. 2011;
Hadi et al. 2011; Del Rio et al. 2006; Cai et al. 2015; Spencer 1953; Wester 1927,
Bledzki et al. 2009; Berkley et al. 1949; Liu et al. 2012; Parrott-Sheffer 2019; The
Good News Pilipinas Team 2016; Blackburn 2005; Kaya and Yazicioglu 1992; Mert
2009; Yazicioglu 1999; Suantara and Oktaviani 2015; Saragih et al. 2018). Abaca



Sustainable Textile Designs Made from Renewable Biodegradable Sustainable Natural... 5

Fig. 1 Abaca plant appearance (Wikimedia Commons 2018a) and its fruit (Wikimedia
Commons 2018b)

plant is formed by hybridization of 30-50 species, and in general its structure is
similar to banana varieties (Vijayalakshmi et al. 2014; Future Fibres 2019;
Mwaikambo 2006; Lewin 1998; Paridah et al. 2015; Bledzki et al. 2007; FAO
Statistics 2016; Wiihhlbauer and Hutter 2002; Agung et al. 2011; Hadi et al. 2011;
Del Rio et al. 2006; Cai et al. 2015; Spencer 1953; Wester 1927; Bledzki et al. 2009;
Berkley et al. 1949; Liu et al. 2012; Blackburn 2005). Indeed, it is also similar to
banana plant. Abaca is known as nonedible banana plant (Saleeby 1915; Jarman
1977). It is thinner than banana plant and its leaves are smaller (Vijayalakshmi et al.
2014; Spencer 1953; Saleeby 1915).

The plant age of the abaca plant (Manila hemp), which is in the perennial herba-
ceous plants group, ranges from 8 to 20 years on average (Baser 1992; Lewin 1998).
Plant height can grow up to 822 m (Agung et al. 2011; Spencer 1953). Abaca plant
consists of 12-30 stalks spreading from the same stem (Lewin 1998; Category
Archives 2019; Parrott-Sheffer 2019). The stem of the plant is formed by overlap-
ping more than one leaf (Spencer 1953; Parrott-Sheffer 2019). There is 90% water
and 2-5% fiber in the stems of the plant (Lewin 1998; Spencer 1953; Yazicioglu
1999). The abaca plant grows from the central core and consists of tightly wrapped
crescent-shaped sheaths (Lewin 1998; Spencer 1953). The diameter of the stem
decreases as we move toward the upper parts of the plant (Lewin 1998; Spencer
1953). The diameter of the stem measured in the upper parts of the abaca plant,
which is known to have a large stem, is between 4 and 6 in (Spencer 1953). Plants
have irregular line crossings (Spencer 1953). The abaca plant has a mucronate leaf
type. Mucronate shows that the leaf ends of the plant have a hard spiny structure.
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The leaves of abaca plant are usually overlapping and drooping. Leaf length varies
from 3 to 6 m (Spencer 1953). Abaca plant has a sharp and thin leaf type and its leaf
width is 30 cm (Vijayalakshmi et al. 2014; Lewin 1998; Parrott-Sheffer 2019).
Generally, the abaca plant is known to have a narrower leaf width than the banana
plant (Spencer 1953). The fruit of the abaca plant is not edible because it contains
many black seeds (Spencer 1953; Wester 1927; Parrott-Sheffer 2019). If the abaca
plant is not cut for fiber production after its ripening, its roots are broken down and
the plant dies (Spencer 1953; Wester 1927). According to FAO (Food and Agriculture
Organization) data, in 2014, abaca production was 8.4 thousand tons only in
Ecuador, and 66.0 thousand tons abaca fiber production was recorded in the
Philippines. And the abaca plant production in other countries was 2.3 thousand
tons (FAO Statistics 2016). While the entire abaca plant produced in Ecuador is
used as fiber, only 10 thousand tons of abaca plant grown in the Philippines is used
for fiber because the majority of which is reserved for paper pulp (FAO Statistics
2016). Most of the produced abaca fiber is exported especially to Europe, Japan, and
the USA (Amatta 2017; FAO Statistics 2016).

History of Abaca Plant

Abaca plant (Musa textilis), which is commercially known as Manila hemp and
native to the Philippine islands, is a species of tree-like plant (Berkley et al. 1949;
Saleeby 1915; Suantara and Oktaviani 2015). The abaca plant, which has been
grown up as a commercial product in the Philippines since the sixteenth century,
began to be grown in Manila in the 1500s (Amatta 2017; Youtube 2016; Berkley
et al. 1949). It is known as the most grown fiber in the early twentieth century
(Saragih et al. 2018). It has been used as a rope in ship navy in the 1800s since it has
a very good strength and is highly resistant to saltwater, and it is still being used as
rope in ship navy today (Youtube 2016; Berkley et al. 1949; Saleeby 1915). In the
early 1880s, after being aware of its commercial usefulness, it began to be called
“Manila hemp” by the British and Americans, but Manila hemp name is not the cor-
rect word for abaca plant because abaca is completely different from the hemp plant
(Lewin 1998; Berkley et al. 1949; Parrott-Sheffer 2019; Kaya and Yazicioglu 1992).
In the 1920s, the abaca plant was cultivated on 485,000 ha of land, and a vast major-
ity of 177,312 metric tons of abaca, worth $29,950,000, were exported to the USA
(Wester 1927). In 1925, six types of abaca plants were sent for planting from the
Philippines to Panama by the US Department of Agriculture (Berkley et al. 1949;
Parrott-Sheffer 2019). These plants were grown by United Fruit Co. in an area in the
Changuinola Valley near Almirante in the Republic of Panama, and the cultivation
of the original experimental plants was extended to approximately 2000 ha until
1941. At the end of 1941, plans were made for further expansion of abaca cultiva-
tion, and in 1942, abaca planting was started (Berkley et al. 1949). In the early
1942s, due to insufficient abaca fibers produced in the Philippines, abaca production
started in the western hemisphere (Berkley et al. 1949). In accordance with the
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contract with the US government, all the operations from growing the abaca plant to
fiber production were carried out by United Fruit Co. At the end of the project,
abaca farming was expanded to approximately 28,000 ha in Panama, Costa Rica,
Honduras, and Guatemala (Berkley et al. 1949). It is known that abaca fiber grown
in Central America is different from abaca fiber grown in the Philippines due to the
number of factors. Abaca fiber production has two varieties, Bungulanon and
Maguindanao in Central America, while many varieties are grown in the Philippines
(Berkley et al. 1949). Today the Philippines is still the world’s largest abaca pro-
ducer (Parrott-Sheffer 2019).

Cultivation and Agriculture of Abaca Plant

The main origins of abaca plant cultivation are Mindanao and Visayas and Bicol
regions in the southern part of the Philippines, where rain forests and very humid
atmospheric conditions exist (Baser 1992; Berkley et al. 1949; Blackburn 2005) and
abaca plants grow well on very rich, loose, loamy soils with good drainage (Parrott-
Sheffer 2019). The best regions for growing abaca plants are those with humid
tropical weather and temperatures between 22 and 28 °C. In addition, rainfall from
1800 to 2500 mm per year is required in areas where abaca plant is cultivated.
Besides, the optimum height of the area should be between 100 and 140 m above
sea level (Blackburn 2005). Rain and sunlight are known as the main factors in
abaca production. When more sunlight is combined with a lack of rain, the develop-
ment of the abaca plant is adversely affected (Blackburn 2005). Abaca plant grows
better in shaded areas and fiber yield is better (Kaya and Yazicioglu 1992). The
abaca plant can commercially produce fibers for 15-20 years in a well-grown envi-
ronment (Blackburn 2005; Mert 2009).

Abaca cultivation is generally carried out at the beginning of the rainy season,
i.e., winter season (Parrott-Sheffer 2019; Blackburn 2005). The average plant age
ranges from 8 to 20 years (Baser 1992). The harvesting of the abaca plant takes
place when the plant begins to bloom. It is usually carried out between 18 and 24
months from the first shoots (Baser 1992; Category Archives 2019; Parrott-Sheffer
2019; Blackburn 2005; Kaya and Yazicioglu 1992; Mert 2009). It is known that the
fibers have high strength during this period (Kaya and Yazicioglu 1992). The har-
vesting period of the abaca plant, which is harvested 2 or 4 times a year, is carried
out at 3—4-month intervals (Youtube 2016; Category Archives 2019; Parrott-Sheffer
2019; Blackburn 2005; Kaya and Yazicioglu 1992). The harvesting process can be
carried out in two ways as amputate the apex of the plant and overturning. The cut
leaves are put in the bulk and prepared for the next step (Category Archives 2019;
Kaya and Yazicioglu 1992).

In the next step, the abaca fibers are separated from the leaves by various fiber
extraction methods. Very bright and robust fibers are obtained. Color of the abaca
fibers can be between white and brown (Baser 1992). Important factors in abaca
plant cultivation are disease resistance of the plant, yield, and vegetation of the
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grown region (Wiihhlbauer and Hutter 2002; Saleeby 1915). These factors affect the
fiber yield and fiber production cost significantly. Since the strength of the fiber
depends on the maturity stage of the plant, it is very important to harvest at the opti-
mum time (Wiihhlbauer and Hutter 2002; Saleeby 1915). When the cultivation
areas, production yield, and consumption status of abaca plant are examined, it is
stated that there was 252,577 ha cultivation area in the 1980s, but day-to-day culti-
vation area decreased to 147,920 ha. However, there was no significant variability
in fiber yields, indicating an increase in average fiber yields (Mert and Copur 2019).
It is known that the abaca industry in the Philippines has been steadily going on for
the last 10 years (Amatta 2017). Nevertheless, the limited processing activities of
most abaca plantations and the lack of adequate technical knowledge in the proper
extraction and processing of abaca fibers should be improved in order to increase
the abaca fiber productivity (Amatta 2017; Saleeby 1915).

According to the United Nations Food and Agriculture Organization, abaca
growing is reported to be as an important option for erosion control and biodiversity
rehabilitation. It was recorded that the erosion and sedimentation problems in the
coastal areas were minimized when planting with abaca (Sustainable fibres: what is
abaca? 2016).

Abaca Leaf Fiber Production Methods

Abaca fibers, also known as Manila hemp, are stiff fibers that are completely differ-
ent from the real hemp (Vijayalakshmi et al. 2014; Mwaikambo 2006; Lewin 1998;
Parrott-Sheffer 2019; Kaya and Yazicioglu 1992). Sustainable, biodegradable,
renewable, and natural abaca fibers are included in the group of plant fibers, and
abaca fiber is a leaf fiber (Vijayalakshmi et al. 2014; Future Fibres 2019; Mwaikambo
2006; Del Rio and Gutiérrez 2006; Lewin 1998; Paridah et al. 2015; Bledzki et al.
2007; Shibata et al. 2002; Rahman et al. 2009). Abaca fibers are obtained from the
leaf sheaths of the abaca plant. Sheaths per root are divided into four groups. These
are known as outer sheaths, sheaths adjacent to the outer sheath, middle sheaths, and
inner sheaths (Lewin 1998). There are three different layers in each leaf sheath
(Lewin 1998; Mert 2009; Yazicioglu 1999). The outer layer comprises stacks of
fibers disseminated throughout the soft tissue matrix, including the epidermis. The
middle layer is composed of fibrovascular tissues carrying water. The inner layer
contains soft cellular tissues (Lewin 1998; Yazicioglu 1999). Fibers with different
degrees and qualities can be produced from different fiber sheaths within a single
root (Lewin 1998; Mert 2009; Yazicioglu 1999). The strongest, most resistant fibers
are obtained from the outer sheaths of the abaca plant (Parrott-Sheffer 2019; Mert
2009; Yazicioglu 1999). The abaca plant harvesting in order to obtain abaca fibers
and then abaca yarns are shown in Fig. 2.

The trunks of the abaca plant are cut at an angle and the leaves are removed and
different fiber production methods are available today (Lewin 1998; Mert 2009;
Yazicioglu 1999). Substances such as hemicellulose, lignin, and pectin on the abaca
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Fig. 2 Harvesting of the abaca plant and separation into sheaths (Wikimedia Commons 2018c),
manual separation of fibers (Wikimedia Commons 2018d), drying (Wikimedia Commons 2018e),
and abaca fiber (Wikimedia Commons 2019), respectively

fiber are removed with these applied different methods (Baser 1992; Mwaikambo
2006). Thus, a smooth, fairly strong, and elastic fiber with a uniform diameter can
be obtained (Mwaikambo 2006; Agung et al. 2011; Spencer 1953). Abaca leaf fibers
become a superior fiber with high tensile and folding strength, floatage, high poros-
ity, resistance to saltwater, and fiber length up to 3 m (Vijayalakshmi et al. 2014;
Future Fibres 2019; Wiihhlbauer and Hutter 2002; Del Rio et al. 2006; Bledzki et al.
2009; Saleeby 1915; Parrott-Sheffer 2019). The best abaca fiber is described as a
thin, bright, light beige color and a very strong fiber (Vijayalakshmi et al. 2014;
Future Fibres 2019; Saleeby 1915). Moreover, abaca fiber is known as the most
durable fiber among natural fibers (Vijayalakshmi et al. 2014; Future Fibres 2019;
Saleeby 1915; The Good News Pilipinas Team 2016; Mert 2009).

Abaca Leaf Fiber Production with Retting Process

The woody parts of the plant must be cleaned to obtain fiber from the abaca plant.
The oldest abaca leaf fiber production method is the retting method. The retting
process makes it easier to separate the fiber bundles from the woody parts of the
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plant. Moreover abaca fiber production with retting process is the whole of the
chemical and biological processes applied to remove the noncellulosic materials
from the fiber (Mwaikambo 2006; Farnfield and Alvey 1975; Paridah et al. 2011).
In this method, the harvested leaves are kept in an area or under water for 2-3
weeks. In this way, pectinase substances that bind the fiber with other plant tissues
are softened, and pectinase substances are removed by the action of microorganisms
(Paridah et al. 2011). There are two main conventional retting types: dew retting and
water retting.

In the dew retting method, plant stems are left to rot in the field. In this method,
the fibers are separated from the stems without any deterioration in the quality of the
fibers (Mwaikambo 2006; Paridah et al. 2011; Van Sumare 1992; Tarak¢ioglu 1978).
In this process, which usually is made with native soil fungi, foreign substances such
as pectin and hemicellulose on the fiber are removed by free polygalacturanase
(PGase) and xylanase fungi (Paridah et al. 2011). Although dew retting is the most
popular method in Europe, geographic location is very important for the implemen-
tation of this method. The fibers produced by the dew retting method are generally
coarser and of lower quality than those produced by the water retting technique
(Mwaikambo 2006; Paridah et al. 2011; Van Sumare 1992; Tarakcioglu 1978).

In the water retting process, the leaves of the abaca plant need to be wetted. For
this reason, it is considered to be appropriate to apply this method on the riverside
(Mwaikambo 2006; Paridah et al. 2011). This process is carried out in an aqueous
environment, and anaerobic, pectinolytic bacteria provide the disintegration of pec-
tic substances and the release of the abaca fibers (Paridah et al. 2011). This is an
expensive method because too much clean water is required to achieve this process,
but high-quality fibers are produced. The fermentation wastes released to the envi-
ronment after this process are quite high (Mwaikambo 2006; Paridah et al. 2011;
Tarakcioglu 1978).

The treatment time changes from 14 to 28 days in both methods (Paridah et al.
2011; Tarak¢ioglu 1978). There are also chemical and enzyme retting methods
applied to abaca fibers. These methods require more dominance and control than
dew and enzyme retting methods (Paridah et al. 2011). Hydrochloric acid (HCI) and
alkali are applied with normal pressure or high pressure in the retting process with
chemicals. It is neutralized by washing after the treatment (Tarak¢ioglu 1978). It
was reported in the literature that the tensile strength of fibers obtained from the
retting processes using sodium hydroxide and sodium benzoate is lower than this of
fibers obtained from the wetting method in water. According to the studies in the
literature, it is known that enzymatic methods are relatively better than chemical
methods and fiber quality leads to better and less environmental mass. In addition,
chemical retting processes that require very high energy tend to damage the fibers
(Paridah et al. 2011). The method of retting with enzymes is mainly carried out by
pectic enzymes produced by bacteria. Bacteria multiply and produce extracellular
pectinases during retting processes. Thus, the pectin in the fiber structure is dis-
solved, and abaca fibers are separated from the cortex surrounding the fibers. Today,
with the development of biotechnology tools, such enzymes could be produced
commercially, making the enzymatic retting processes more popular for the manu-
facturing of long abaca fibers (Paridah et al. 2011).
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Fig. 3 Manually scraping
process the abaca fibers
(Wikimedia

Commons 2018f)

Abaca Leaf Fiber Production with Mechanical Processes

In order to obtain fibers from the leaf sheaths which are separated after the harvest-
ing of the abaca plant, a cleaning process called scraping is performed. This clean-
ing process carried out by scratching of raw material can be done manually or with
the help of machines (Category Archives 2019; Kaya and Yazicioglu 1992;
Yazicioglu 1999; Suantara and Oktaviani 2015). The most commonly used scraping
methods in the Philippines are known as manual scraping and spindle scraping. The
manual scraping method is a simple but laborious method performed entirely manu-
ally. Abaca leaf sheaths which are cut into scraps, 50-80 mm wide, 0.6-2 m long,
are clamped between a wooden block and a serrated knife, and plant leaves are
scraped off by dragging (Fig. 3) (Vijayalakshmi et al. 2014; Lewin 1998; Category
Archives 2019; Saleeby 1915; Parrott-Sheffer 2019; Blackburn 2005). Thus, the
abaca fibers are scraped from the epidermis and parenchyma (Mert 2009).

Low scraping density reduces the fiber quality. This method, which requires
intensive effort, has been replaced by scraping mechanisms developed to increase
productivity by minimizing effort (Lewin 1998; Kaya and Yazicioglu 1992). Another
method used in the Philippines is spindle scraping method. In this method, the abaca
fibers are obtained by winding them on a conical shaft actuated by an electric motor.
The obtained abaca fibers are then naturally dried under the sun (Category
Archives 2019).

The abaca fibers obtained by this method are whiter and brighter than the abaca
fibers obtained by the manually scraping method (Category Archives 2019). In
order to achieve the desired quality of the abaca fiber, machines have been designed
in such a way that the density of the blade teeth is higher and the applied pressure is
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increased. This method, which is performed entirely by machines, is called decorti-
cation. This method is used in part of Central America, Indonesia, and the Philippines
to separate abaca fiber bundles from the leaves and bottom of fiber plants (Lewin
1998; Liu et al. 2012; Peralta 1996; Yazicioglu 1999). The fibers obtained by this
method are called Deco (Mwaikambo 2006; Lewin 1998; Yayock et al. 1988). The
machine used to implement this method is known as a decorticator machine
(Mwaikambo 2006; Yayock et al. 1988). The decorticator machine consists of a
30 m long conveyor belt, a crusher press, a pair of crusher rollers, a rope belt, and a
decorticator. The leaves are conveyed to the crushing press by the conveyor belt. It
then passes between the crushing rollers. With the set of swivel wheels with blunt
blades, the crushed leaves are conveyed to the decorticator by a rope conveyor. First,
half of the leaf is subjected to decortication and then the other half is treated with
the same process. Thus, the woody structure on the abaca fibers is removed. The
leaves which exposed decortication pass to the scrubbing machine through which
the fibers are unwound along another pair of pressing rollers, where the dirty, mixed
ends are cut with scissors. Properly cleaned abaca fibers are obtained with these
machines, which provide an intact blade system and a pressure of 20,000 kN/m?.
16,000-35,000 kg per hour abaca leaves can be processed by decortication method
(Vijayalakshmi et al. 2014; Mwaikambo 2006; Lewin 1998; Yayock et al. 1988;
Peralta 1996).

Fiber yield is known to be approximately 2-3% of the abaca plant weight.
Between 200 and 800 kg of abaca fiber is produced from abaca plant grown per
hectare of land (Vijayalakshmi et al. 2014; Lewin 1998; Peralta 1996; Yazicioglu
1999). Another machine developed for this purpose is known as raspador (Mert
2009). The raspador machine, which was used before decorticator machines, is still
known to be used in some areas today. However, the decorticator machine is more
widely used in the fiber production because it is much faster and automatic than the
raspador machine (Mert 2009). The amount of fiber obtained from an abaca leaf
may vary according to the manufacturing method. The abaca fiber is obtained up to
1.2-1.5% of a leaf according to the manual scraping method, 1.5-2.5% with semi-
mechanical tools or machines, and 3—4% of the scraping method with decortication
machine (Mert 2009; Yazicioglu 1999). After washing, the fibers, which were
scraped by these mechanical methods, are dried in semi-shaded areas and under the
sun or by a hot air dryer at 100 °C (Mwaikambo 2006; Lewin 1998; Category
Archives 2019; Saleeby 1915; Yayock et al. 1988; Peralta 1996; Kaya and Yazicioglu
1992; Mert 2009). If the fibers are not well cleaned, the fiber color turns brown
when dried in the sun. Furthermore, it is known that there is no reduction in the
strength of the dried fibers immediately after scraping, and the fibers even have a
brighter appearance (Kaya and Yazicioglu 1992; Mert 2009). The dried fibers are
combined and classified in various degrees according to their color, fineness, length,
strength, cleanliness, and processing method (Mwaikambo 2006; Lewin 1998;
Category Archives 2019; Saleeby 1915; Yayock et al. 1988; Peralta 1996; Kaya and
Yazicioglu 1992; Mert 2009). The official standard qualities of the fibers depend on
the extraction form, manual scraping, spindle scraping, and decortication (Category
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Archives 2019). And then abaca fibers are baled according to their qualities and
classification types.

Gum Removal Process from Abaca Leaf Fibers

The fiber extraction process, which starts with abaca plant harvesting, continues
with the degumming process after the retting process. Degumming process, which
can be applied to similar leaf fibers, is carried out by chemical and biological pro-
cesses applied on abaca fibers. In this way, the adhesive materials holding the fibers
together are removed from the abaca fiber and the abaca fiber bundles are separated.
Generally, the abaca fibers are treated with hot soap or alkali solution (Cai et al.
2015; Boopathi et al. 2012; Suantara and Oktaviani 2015). Internal microstructure
and tensile properties of abaca fibers, which were treated with alkaline, were inves-
tigated. Structure of abaca fiber contains hemicelluloses, lignin, and binders such as
pectin. In the studies performed, it was observed that the binding agents in the struc-
ture of abaca fiber, which was treated with 10% NaOH solution for 30 min, were
separated from the fiber structure. The alkali-treated abaca fibers are washed with
water until pH 7 (Cai et al. 2015). Alkali (i.e., mercerization) process is also applied
for surface modification of abaca fibers because it is popular and cost-effective. It
was observed that the surface areas of the alkali-treated fibers enhanced when com-
pared to those of untreated fibers. It is also known that abaca fibers used in compos-
ite structures tend to form a better interface with other composite matrices (Cai et al.
2015; Boopathi et al. 2012; Gassan and Bledzki 1999; Sun et al. 1998; Suantara and
Oktaviani 2015).

The lumen size of abaca fiber decreases after alkali treatment. At the same time,
the cell wall swollens with increasing alkali concentration. The lumen structure at
the center of the alkali untreated abaca fiber is clearly visible under the SEM micro-
scope but the lumen structure of the abaca fiber treated with high concentration of
NaOH is no longer visible (Cai et al. 2015; John and Anandjiwala 2008).

It was observed that the binder agents are removed from the abaca fiber bundles
after the alkali treatment. Untreated abaca fibers are twistless. Fiber bundles were
observed to be significantly twisted after 5% NaOH treatment. Binding substances
such as pectin, lignin, and hemicellulose were removed from the abaca fiber during
the alkali treatment, and the abaca fiber bundle was separated into basic fibers. After
10% NaOH treatment, the longitudinal twisted of the fiber bundles can be observed
(Cai et al. 2015; Sun et al. 1998). The factors affecting the bending behavior of
abaca fibers are increased microfibril angle and longitudinally narrowing structure
of microfibrils. This theory was proved by Nakano et al. The longitudinal bending
of the microfibrils is associated with an end-to-end reduction of chain segments in
the amorphous region of cellulose (Cai et al. 2015).
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Chemical Structure of Abaca Fiber

Abaca leaf fibers, environmentally friendly fibers and belonging to plant fiber fam-
ily, consist of long thin cells that form part of the support structure of the leaf (Future
Fibres 2019). It usually has a lignocellulosic structure (Punyamurthy et al. 2012).
Abaca fibers contain impurities such as hemicellulose, lignin, and pectin
(Punyamurthy et al. 2012; Yazicioglu 1999; Onggo and Judawisastra 2018). The
celluloses in the structure of abaca fibers are held together by amorphous hemicel-
luloses. The fibers within the abaca plant are held by lignin, commonly known as
plant cell adhesive. Such materials in the structure of abaca fibers prevent interfac-
ing adhesion of the abaca fibers during their use in polymer matrices and composite
structures (Punyamurthy et al. 2012). Cellulose is an essential component with a
strong effect on the plant fibers (Bledzki et al. 2009; Punyamurthy et al. 2012;
Onggo and Judawisastra 2018). Its strong effect on fibers is associated with the
covalent bonding in the structure (Onggo and Judawisastra 2018). Biocompatibility
and biodegradability are the most important properties of cellulose (Rahman et al.
2009; Saragih et al. 2018). Essentially cellulose is defined as a non-branched mac-
romolecule containing chains of varying length. Generally, the most natural cellu-
losic fibers have the general formula C¢H,;,Os, which consists of carbon (C),
hydrogen (H), and oxygen (O). Also, those contain 60—70% cellulose (Thakur and
Thakur 2014). Hemicelluloses consist of 5- and 6-ring carbon rings. Hemicelluloses
contain a group of polysaccharides (excluding pectin) having a branched structure.
These consist of mixtures of molecular weight polysaccharides smaller than cellu-
lose. The hemicelluloses remains together with the celluloses, after the lignin has
been separated from the fiber structure (Thakur and Thakur 2014).

Among all the components of the cell wall, only lignin is composed of exces-
sively branched polymers. Lignin, which has a very complex structure, consists of
phenylpropane units organized in a three-dimensional structure. The different struc-
tures in the lignin are linked to each other by carbon-carbon and ether bonds as
opposed to linear or branched chains, such as carbohydrates. The lignin in the fiber
structure plays an important role in protecting cellulose and hemicellulose from
harsh environmental conditions such as water. All natural cellulosic fibers comprise
different amounts of cellulose, hemicellulose, and lignin (Thakur and Thakur 2014).
The lignin content of abaca fibers is also very high (Future Fibres 2019). According
to some sources in the literature, the content of lignin in abaca fibers is around 15%
(Future Fibres 2019), while in some sources it was stated that 13.2% of total abaca
fiber is composed of lignin (Del Rio and Gutiérrez 2006; Thakur and Thakur 2014).
The fiber contents of abaca fibers obtained from different sources are given in
Table 1 (Baser 1992; Vijayalakshmi et al. 2014; Mwaikambo 2006; Lewin 1998;
Thakur and Thakur 2014; Punyamurthy et al. 2012; Riccio and Orchard 1999;
Idicula et al. 2006; Han and Rowell 1997; Haque et al. 2010; Blackburn 2005; Kalia
and Avérous 2011).
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Table 1 Chemical content of Abaca fibers (Baser 1992; Vijayalakshmi et al. 2014; Mwaikambo
2006; Lewin 1998; Thakur and Thakur 2014; Punyamurthy et al. 2012; Riccio and Orchard 1999;
Idicula et al. 2006; Han and Rowell 1997; Haque et al. 2010; Blackburn 2005; Kalia and Avérous
2011; Yazicioglu 1999; Onggo and Judawisastra 2018; Saragih et al. 2018)

Cellulose | Hemicellulose | Lignin | Pectin | Ash | Moisture
content (%) | (%) (%) (%) (%) | content (%) | References
61-64 21 12 0.8 - 14 Mwaikambo (2006),

Riccio and Orchard (1999),
Kalia and Avérous (2011)

63-64 10 5 5 - 10 Baser (1992)

63.2-70.1 | 19.6-21.8 5.1-5710.5- |- 10 Punyamurthy et al. (2012),
0.6 Idicula et al. (2006)

61.50 14.90 9.70 - 4.80 |- Lewin (1998),

Punyamurthy et al. (2012),
Han and Rowell (1997)

56-63 - 12— - - 5-10 Thakur and Thakur (2014),
13.2 Punyamurthy et al. (2012),
Taj et al. (2007)
68.5 19 12— - 4.8 |10-11 Vijayalakshmi et al.
13.2 (2014), Thakur and Thakur
(2014), Haque et al. (2010)
76.6 14.6 8.4 0.3 - - Blackburn (2005)
63.20 10.60 5.10 0.50 |- 10 Yazicioglu (1999)
60 - 12-13 |1 - - Onggo and Judawisastra
(2018)
56-68 19-25 13.6 0.5-1 |- 1.4 Saragih et al. (2018)
55-64 18-23 5-18 1 - - Subyakto and Gopar
(2018)

The chemical structures and components of abaca fibers have been compiled
from different studies in the literature (Tables 1 and 2). According to Table 1, cel-
lulose, hemicellulose, lignin, and pectin contents of abaca fibers vary between 55
and 76.6%, between 10 and 25%, between 5 and 18%, and between 0.3 and 5%,
respectively (Table 1). At the same time, it was stated in Tables 1 and 2 that the
moisture content of abaca fiber is at most 14% as a result of different research
sources (Baser 1992; Vijayalakshmi et al. 2014; Mwaikambo 2006; Lewin 1998;
Thakur and Thakur 2014; Rahman et al. 2009; Punyamurthy et al. 2012; Riccio and
Orchard 1999; Idicula et al. 2006; Han and Rowell 1997; Haque et al. 2010;
Blackburn 2005; Kalia and Avérous 201 1; Yazicioglu 1999; Onggo and Judawisastra
2018; Saragih et al. 2018).
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Table 2 Comparison of chemical properties of abaca fibers with other fibers (Vijayalakshmi et al.
2014; Lewin 1998; Taj et al. 2007; Blackburn 2005; Kalia and Avérous 2011)

Fiber
type

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Pectin
(%)

Ash
(%)

Moisture
content
(%)

References

Abaca

63.2—
70.1

19.6-21.8

5.1-
5.7

0.5-
0.6

4.80

14

Baser (1992),
Vijayalakshmi et al.
(2014), Mwaikambo
(2006), Lewin (1998),
Punyamurthy et al.
(2012), Riccio and
Orchard (1999),
Idicula et al. (2006),
Han and Rowell
(1997), Taj et al.
(2007), Haque et al.
(2010), Blackburn
(2005), Kalia and
Avérous (2011)

Banana

60-67.6

3-5

10-11

Lewin (1998), Taj
et al. (2007), Abaca
Fiber Production
Process in Antique
(2017)

Cotton

82-96

2-6

0.5-
1.5

5-7

1-1.8

6-8.5

Vijayalakshmi et al.
(2014), Lewin (1998),
Taj et al. (2007), Kalia
and Avérous (2011)

Bamboo

26-43

30

21-31

Lewin (1998), Taj
et al. (2007), Kalia
and Avérous (2011)

Linen

71-82

18.6-20.6

2.2-4

34

7.7

Vijayalakshmi et al.
(2014), Lewin (1998),
Taj et al. (2007),
Blackburn (2005),
Kalia and Avérous
(2011)

Hemp

70.2-88

17.9-22.4

3.7-
6.8

0.9

39

1.8

Vijayalakshmi et al.
(2014), Lewin (1998),
Taj et al. (2007),
Blackburn (2005),
Kalia and Avérous

(2011)

Jute

51-84

13.6-20.4

12-13

0.2

1.0

1.5

Vijayalakshmi et al.
(2014), Lewin (1998),
Taj et al. (2007),
Blackburn (2005),
Kalia and Avérous
(2011)

(continued)
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Table 2 (continued)

Moisture

Fiber Cellulose | Hemicellulose | Lignin | Pectin | Ash | content

type (%) (%) (%) (%) (%) | (%) References

Ramie 68.6-80 | 13.1-16.7 0.6- |19 - - Lewin (1998), Taj

0.7 et al. (2007),

Blackburn (2005),
Kalia and Avérous
(2011)

Sisal 60-78 10-18.1 59-11]10 1.0 |4.0 Vijayalakshmi et al.

(2014), Lewin (1998),
Taj et al. (2007), Kalia
and Avérous (2011)
Kenaf 31-57 21.5 15-19 |2 - - Lewin (1998), Taj

et al. (2007), Kalia
and Avérous (2011)
Pineapple | 70-82 16-22.2 5-13 |13 |- - Lewin (1998), Taj

et al. (2007), Kalia
and Avérous (2011)
Coconut | 36-46 0.15-0.3 41-45 |34 |- - Lewin (1998), Taj

et al. (2007), Kalia
and Avérous (2011)

Physical, Chemical, and Mechanical Properties
of Abaca Fiber

When the cross-sections of the abaca leaf fibers are examined, it is seen that there
are large oval or circular lumens, consisting of polygonal-shaped bundles with very
thin walls. When viewed longitudinally, it is observed that there is a narrow and
narrowing fiber structure which has a smooth and bright appearance (Lewin 1998;
Cai et al. 2015; Kaya and Yazicioglu 1992; Onggo and Judawisastra 2018). The
abaca fiber bundles are surrounded by a layer of stem cells filled with silica (Lewin
1998). This layer outside of the fiber bundles is characteristic for abaca fibers (Kaya
and Yazicioglu 1992). The well-dispersed X-ray diffraction of abaca fibers indicates
that the helical fibers are dense and dominant. Therefore, the spiral angles of the
abaca fibers are indicated as 22.5° (Lewin 1998; Chakravarty and Hearle 1967). The
lumen in the natural fibers, such as abaca fibers, contributes to high sound absorp-
tion performance and plays a greater role on transverse thermal conductivity than
the crystal structure and chemical compounds of the fiber (Cai et al. 2015; Li et al.
2008; Liu et al. 2012). In this sense, the fiber lumen in abaca fibers is quite large due
to the cell channel (Mwaikambo 2006; Yazicioglu 1999). The cell wall of abaca
fibers is narrow (Yazicioglu 1999). Furthermore, the lumen in abaca fiber is in the
center of the fibers and has a hollow structure that affects the properties of the fiber
(Cai et al. 2015; Li et al. 2008; Liu et al. 2012).
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Table 3 Physical and mechanical properties of abaca fibers (Vijayalakshmi et al. 2014;
Mwaikambo 2006; Bolton 1994; Shibata et al. 2003; Ramnath et al. 2014; Onggo and
Judawisastra 2018)

Tensile Initial

Density | Diameter of | strength module Elongation at

(g/m?) fiber (pm) (MPa) (GPa) break (%) References

1.50 17.0-21.4 12 41 34 Mwaikambo (2006),
Bolton (1994)

- 19.2 813 33.6 - Shibata et al. (2003)

1.50 15.0-26.0 980 41 1.1 Vijayalakshmi et al.
(2014)

1.50 10-30 430-813 31.1-33.6 |29 Ramnath et al. (2014)

- 10 381 - 1.1 Onggo and
Judawisastra (2018)

When the chemical properties of abaca fibers were examined, it was observed
that they could not be hydrolyzed by acids due to their high lignin content. However,
when treated with hot alkali, it dissolves, easily oxidizes, and easily condenses with
phenol (Vijayalakshmi et al. 2014). When the physical and mechanical properties of
abaca fibers are examined, its density is 1.50 g/m? (Vijayalakshmi et al. 2014;
Mwaikambo 2006; Bolton 1994; Shibata et al. 2003; Ramnath et al. 2014), and fiber
diameter varies between 10 and 30 um (Vijayalakshmi et al. 2014; Mwaikambo
2006; Bolton 1994; Shibata et al. 2003; Ramnath et al. 2014; Onggo and Judawisastra
2018). It has been proved as a result of the experimental studies that the breaking
strength of abaca fibers is 980 MPa and initial modules of the abaca fiber vary
between 31,1 and 41 GPa (Vijayalakshmi et al. 2014; Mwaikambo 2006; Bolton
1994; Shibata et al. 2003; Ramnath et al. 2014). Table 3 shows the physical and
mechanical properties of abaca fibers (Vijayalakshmi et al. 2014; Mwaikambo
2006; Bolton 1994; Shibata et al. 2003; Ramnath et al. 2014).

Abaca fiber is known to be one of the most powerful natural fibers (Blackburn
2005; Saragih et al. 2018). When examined in terms of fiber properties, the proper-
ties of abaca fibers are similar to the properties of sisal fibers (Table 4) (Mwaikambo
2006; Quinion 1996), but it was reported that the strength of abaca fibers may be up
to three times stronger than that of sisal fibers (Blackburn 2005). It was earlier
reported that abaca (Manila hemp) fiber has high tensile strength (381-980 MPa)
and young modulus (31,1-41 GPa) (Table 4). It has been shown that the abaca fibers
are better than other strong fibers such as sisal fibers, which have tensile strength of
511-635 MPa and young modulus between 9,4 and 22,0 GPa (Table 4).

Understanding the extremely good physical and chemical properties and fiber
structure-function relationship of abaca fibers is critical for its effective use in dif-
ferent industrial applications (Bledzki et al. 2007; Cai et al. 2015; Bledzki and
Gassan 1999). The strengths or weaknesses aspect of abaca fibers are evaluated
depending on where they will be used. The strengths aspect of abaca fibers is its
high water absorption capability. If abaca fibers are to be used in composite materi-
als, this situation is considered as a weak feature since it will form a weak interface
with the matrix material of the composites. Therefore, the use of abaca fibers in the
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Table 4 Comparison of physical and mechanical properties of abaca fibers with other fibers
(Shibata et al. 2002; Cai et al. 2015; Saxena et al. 2011; Bledzki et al. 2006; Ramnath et al. 2014;
Subyakto and Gopar 2018)

Fiber Density (g/ | Tensile strength | Initial module | Elongation at Hygroscopic
types m?) (MPa) (GPa) break (%) (%)
Abaca 1.50 381-980 31.1-41 29-34 14
Banana 1.35 540-550 20 5-6 10-11
Sisal 1.41 511-635 9.4-22.0 2.0-2.5 11
Linen 1.50 345-1035 27-39 2.7-3.2 8

Jute 1.3-1.46 393-800 13-26.5 1.5-1.8 12
Cotton 1.60 300-590 5.5-12.6 3-10 8
Bamboo | 0.8 220-1000 22.8 1.3 -
Hemp 1.48 550-900 70 1.6 8-10
Ramie 1.5 220-938 44-128 2-3.8 12-17
Pineapple | 1.07-1.52 | 170-1627 6.21-82.5 1.6 11.8
Glass 2.50-2.55 | 2000-3500 70.0-73 2.5-3 -
Aramid 1.38-1.47 | 3000-3150 63.0-67.0 3.3-3.7 -
Carbon 1.7-2.1 4000 230-240 1.4-1.8 -

industrial areas is limited to certain areas. Studies initiated and carried out to
improve fibers are mainly focused on fiber-matrix interface adhesion and water
absorption reduction (Cai et al. 2015; Bledzki et al. 2006).

Contribution of Sustainable Abaca Fibers to Textile Design

The contribution of sustainable abaca fibers to textile design is indeed promising.
The main reason why abaca fibers are used in textile design studies is its sustainable
natural character (Korkmaz 2015). The harmful chemicals used in the production
stages of the textile and apparel sector, especially the high water consumption and
related water pollution in dyeing-printing and finishing enterprises, the high energy
consumption used in each production step, and the air pollution which is a result of
all these, are the biggest obstacles to the sustainability of the textile sector. In addi-
tion, the implementations of sustainability are made possible by reduce, reuse, and
recycle. These apply also to textile and fashion design applications (Korkmaz 2015).
Therefore, the first important thing is the raw material selection (Korkmaz 2015;
Dogan 2011). The raw materials for the textile industry are fibers. As abaca fibers
are natural fibers, they are an ecologically important fiber in terms of being lost in
nature after production and use (Korkmaz 2015; Dogan 2011). The use of pesticides
during their production is carried out to a minimum, that is to say, organic produc-
tion (Amatta 2017). It is also possible to color abaca fibers with natural dyes, and
even natural dyes can be obtained from wastes, and sustainability can be taken one
step further (White Champa 2019). Industrial natural (root) dyed abaca fibers can be
obtained using inexpensive plant wastes such as rose, lavender oil flowers, turnip,
and wine residues and even in any kind of mown grass waste. This reduces the
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chemical usage during the dyeing process (White Champa 2019). In addition, the
use of rotting methods to obtain fibers and even the use of enzymes and bacteria also
aim to minimize the use of chemicals (Paridah et al. 2011). However, synthetic
fibers, which are highly preferred today, are petroleum based and require energy and
chemicals based on nonrenewable resources during their production. Therefore,
unfortunately, it is not possible to talk about environmentally friendly production in
the production of synthetic fibers. In addition, synthetic fibers take longer years to
disappear in nature than abaca fibers (Korkmaz 2015).

One cannot imagine that a stiff fiber from an abaca plant can be used as an alter-
native to traditional raw materials in avant-garde clothing and different fashion
accessories (My Useful Tips 2012). But in some parts of the world, abaca fibers
have been used for many various purposes even before the First World War and have
been beneficial. Fashion designers and fashion entrepreneurs support and use abaca
fibers. The National Association of Sustainable Fashion Designers is one of the
major organizations called sustainable fashion that advocates the use and produc-
tion of domestic materials, fashion, clothing, and accessories in its own initiative.
Ditta Sandico-Ong, a Filipino fashion designer, is successful in handicraft and is an
active supporter of a clean environment. Ditta Ong combines her artistic achieve-
ments with apparel designs and other fashion lines using abaca plant-borne fibers
(My Useful Tips 2012). Designed by Jontie Martinez, part of the Maria Clara exhi-
bition, this Filipino dress was on display at The Block at SM City North EDSA. It
consists of two parts, kimono (the blouse) and the panuelo (the shawl). With today’s
technology, abaca fiber can be as delicate and smooth as silk, but the coarse texture
of this fragment is remarkable (Manila Hemp 2009). Many different application
areas and design types of abaca fibers are investigated below in more detail.

Textile Designs Made from Sustainable Abaca Fibers

In the recent years, abaca fiber which is a renewable, biodegradable, sustainable,
eco-friendly, and natural fiber alternative for the textile designs comes into promi-
nence with their ecological properties and superior daily usage performance. Indeed,
abaca fibers display a wide range of different designed applications due to their
promising properties (Figs. 4 and 5). Many different designed products such as gar-
ments, clothing, shawls, curtains, furnitures, carpets, mats, hats, coasters, pillows,
packaging materials, handicraft products, decoration materials, decorative lamps
and lampshades, flower-wreath ornaments, multipurpose baskets, tabletop accesso-
ries, sports equipments, ropes, fishing nets, bags, papers, money papers, cigarette
filter papers, wrapping papers, tea bags, cardboard, chipboard, liquid filtration fil-
ters, and various industrial textile materials such as medical articles and composites
for different purposes can be made from abaca fibers (Figs. 4 and 5) (Vijayalakshmi
et al. 2014; Future Fibres 2019; Amatta 2017; Shibata et al. 2002; Abaka Weaving
of Shelmed 2012; Fabric 2019; Our 7107 Islands 2019; Blackburn 2005; Onggo and
Judawisastra 2018; Saragih et al. 2018).
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Fig. 5 (a) Woven fabric made from polyester and abaca fibers; (b—h) Different greige woven
fabric examples made from 100% abaca fibers

There is a developing niche market for clothes, curtains, and furnitures obtained
using abaca fibers. Fiber craft products such as carpets, mats, hats, coasters, pillows,
and bags obtained using abaca fibers are in high demand (Figs. 6 and 7). The second
foreign exchange gain after abaca raw fiber exports is the trade of abaca products
(Vijayalakshmi et al. 2014). Jontie Martinez designed a dress made from abaca fiber
which is a part of the Maria Clara exhibition. This design consists of a shawl and
blouse (Manila Hemp 2009). Abaca fibers are also used in the production of tradi-
tional costumes in the Philippines, often referred to as Barong Tagalog, which are
usually worn by men on special occasions such as weddings (Saragih et al. 2018;
Barong Tagalog 2006; Ceylanoglu 2013).

The fabric obtained by the weaving of abaca fibers by manual or mechanical
methods is called Jusi (Barong Tagalog 2006; Ceylanoglu 2013). According to
Filipino culture, this special clothing, which is used especially for weddings, is not
only produced from abaca fibers. It is known that this special garment can also be
produced from banana and pineapple fibers (Barong Tagalog 2006; Ceylanoglu
2013). Nowadays, these special clothes can also be produced from abaca/cotton
fiber blended and abaca/silk/pineapple fiber blended woven fabrics (Barong Tagalog
2006; Ceylanoglu 2013). Abaca fiber can be used even in high tensile components
due to their extremely high mechanical strength and fiber length. Abaca fibers there-
fore offer great potential for different industrial applications (Future Fibres 2019;
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Fig. 6 Bag made from
greige abaca fibers

Fig. 7 Bell silhouette skirt made with weaving process using greige natural abaca fiber
(Giindogan et al. 2018)
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Suantara and Oktaviani 2015). Abaca fibers are also used in manufacture of
chipboard, which is also considered as composite material, that is obtained by
bonding wood particles or cellulosic materials with adhesive materials (Suantara
and Oktaviani 2015). Abaca fibers are not only used to produce fabrics but also are
used extensively in papermaking (Mert and Copur 2019; Lewin 1998; Odabas Serin
and Giimiiskaya 2006; Kaya and Yazicioglu 1992; Mert 2009; Suantara and
Oktaviani 2015). Today, modern paper and cardboard production can be made from
short and long fiber trees, fiber plants [short-staple annual plants such as straw, reed,
and paddy; and long-staple fiber plants such as lignocellulosic fibers (linen, hemp,
jute, ramie, etc.) and abaca fibers waste paper and waste cardboard (linen, hemp,
jute, ramie, etc.) and abaca fibers (Mert and Copur 2019; Vijayalakshmi et al. 2014;
Odabas Serin and Giimiiskaya 2006; Mandegani et al. 2016). The use of fiber plants
such as abaca as an alternative raw material source to woody forest trees in paper-
making has some advantages. These are shorter growth time of abaca plant, lower
lignin content compared to woody forest trees of abaca plant, and thus the need for
less energy and chemicals in the pulp production process (Mert and Copur 2019;
Odabas Serin and Giimiiskaya 2006; Santoso et al. 2017). Abaca fibers are widely
used in tea and coffee bags, case papers, cigarette filter papers, liquid filtration fil-
ters, high-quality writing papers, vacuum bags, and special papers such as money
paper (Vijayalakshmi et al. 2014; Future Fibres 2019; Hadi et al. 2011; Alan and
Tercan 2012; Blackburn 2005; Mert 2009; Mandegani et al. 2016; Santoso et al.
2017). For example, Japan’s yen banknotes contain 30% abaca fiber (Vijayalakshmi
et al. 2014; Future Fibres 2019).

Abaca fibers which were used in ship navy due to their resistance to saltwater in
the ancient times are still used in rope and fishing nets (Vijayalakshmi et al. 2014;
Future Fibres 2019; Blackburn 2005; Kaya and Yazicioglu 1992; Mert 2009;
Yazicioglu 1999; Suantara and Oktaviani 2015; Mandegani et al. 2016; Kumar et al.
2017). One of the advantages of abaca fiber usage in industrial applications is its
biodegradability (Rahman et al. 2009; Cai et al. 2015; Haque et al. 2010; Ramnath
et al. 2014; Suantara and Oktaviani 2015). It is also preferred in the automotive and
aircraft industries due to its light weight, low cost, and high specific rigidity
(Rahman et al. 2009; Cai et al. 2015; Haque et al. 2010; Ramnath et al. 2014).

Today, abaca fibers are used as fillers for soft applications in the automotive
industry. However, given the strong tensile strength of abaca fibers, it can also be
used for stiffer applications for an outer semi-building component instead of glass
fiber in the reinforced plastic components (Future Fibres 2019; Hintermann 2005).
Low cost and good mechanical properties are the main reasons why glass fiber is
widely used in composite materials (Onggo and Judawisastra 2018). However, there
is an increasing interest in natural fibers with superior mechanical properties due to
nonrenewable nature, high density, and high production energy of glass fibers
(Onggo and Judawisastra 2018; Subyakto and Gopar 2018). Due to the increasing
environmental awareness, researches and studies on the use of natural fiber-
reinforced composites, biocomposites, and thermoplastic and thermoset composites
have been conducted, and many examples of studies in this field can be found in the
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literature (Hadi et al. 2011; Cai et al. 2015; Hintermann 2005; Bledzki et al. 20006;
Saragih et al. 2018; Subyakto and Gopar 2018).

Dr. Hitoshi Takagi from Tokushima University in Japan worked with the Korean
Institute of Materials Science (KIMS) and produced the DOST-ITDI-sponsored
Tryk ni Juan (traditional three-wheel vehicle) using abaca fibers. Dr. Byung-Sun
Kim, the principal researcher of the Korean Institute of Materials Science (KIMS),
has made a detailed examination of the various applications of natural fiber compos-
ites in objects around us (The Good News Pilipinas Team 2016; Villareal 2016).
They achieved a more, triple, heat-resistant structure than even bamboo fibers by
solidifying the lumen structure and hollow spirals of abaca fibers (The Good News
Pilipinas Team 2016). Abaca fiber is known for their light material properties and
low density, and low-cost natural fiber composites can be produced from abaca
fibers. Abaca fibers have also been used as roofing materials for traditional tricycle
vehicles in the Philippines (The Good News Pilipinas Team 2016; Villareal 2016;
Dost-Stii 2016). Dr. Kim stated that unlike steel, abaca fibers reduce the thermal
conductivity and thus keep the temperature of these small vehicles cooler, taking
into account the tropical temperature and humidity of the country (The Good News
Pilipinas Team 2016). In addition, the abaca fiber composites are biodegradable and
resistant to rusting, suggesting that they are alternative materials to materials such
as stainless steel and iron (Rahman et al. 2009; The Good News Pilipinas Team
2016; Villareal 2016).

In addition, the use of abaca fiber bags instead of plastic market bags in the
Philippines eliminates the environmental problems in half. The project initiated for
this is still ongoing (The Good News Pilipinas Team 2016). Abaca fiber-reinforced
polymer composites were investigated by Shibata et al. Ballyzki et al. conducted a
study on abaca fiber-reinforced thermoplastics, especially using polypropylene
(Hadi et al. 2011). Abaca fibers are also used in the underfloor protection for pas-
senger cars manufactured by Daimler-Chrysler (Bledzki et al. 2007; Wiihhlbauer
and Hutter 2002; Hadi et al. 2011; Cai et al. 2015; Hintermann 2005; Scheriibl
2006; Bledzki et al. 2006; Kalia and Avérous 2011).

In 2004, Daimler-Chrysler AG (Stuttgart, Germany) used the fibers of the abaca
plant instead of fiberglass in the spare tire protector on Mercedes-Benz A-series
vehicles. This product was patented in 2002 by Daimler-Chrysler researchers as a
blend of polypropylene (PP) thermoplastic and abaca fibers. The production process
was initiated by Rieter Automotive. Natural fiber-reinforced biocomposite struc-
tures have already been used in interior panels and upholstery of automobiles, but
the use for exterior facades of automobiles has not yet become widespread. Abaca
is known as the first natural fiber to meet the strong quality requirements for com-
ponents used in the exterior of automobiles. It has become a preferred fiber, espe-
cially because of its high resistance to effects (such as stone throwing, exposure to
different factors, and moisture) (Future Fibres 2019; Bledzki et al. 2007; Wiihhlbauer
and Hutter 2002; Agung et al. 2011; Hadi et al. 2011; Cavdar and Boran 2016;
Rahman et al. 2009; Hintermann 2005; Scheriibl 2006; Knothe et al. 2000; Bledzki
et al. 2006; Kalia and Avérous 2011; Onggo and Judawisastra 2018; Subyakto and
Gopar 2018). Mercedes-Benz used a mixture of polypropylene thermoplastic and
abaca fiber in automobile body parts, and it has provided the replacement of glass
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fibers with natural fibers. Thus, automotive parts have been reduced in weight and
have developed lighter, environmentally friendly, and recyclable parts (Future
Fibres 2019; Hintermann 2005; Scheriibl 2006; Bledzki et al. 2006; Subyakto and
Gopar 2018).

Studies on the production of natural fiber-reinforced polypropylene composite
structures are still continuing. In the literature, studies related to coconut fiber- and
abaca fiber-reinforced composite structures can be often encountered. Crude fibers
are treated with benzene diazonium salt and comparisons are made with untreated
fibers. Chemically treated fiber-reinforced composites form structures with better
mechanical properties than untreated raw composites (Rahman et al. 2009; Haque
et al. 2010).

Conclusions

Consumption of resources and waste production are also increasing with the accel-
eration of industrialization. For this reason, many countries have started to give
importance to the concept of sustainability in order not to face a big disaster in the
future and in order to take necessary precautions. Sustainability is one of the most
important topics in the textile and fashion world. Therefore, the use of biodegrad-
able and renewable textile fibers is increasing. Abaca fiber is a renewable, biode-
gradable, sustainable, eco-friendly, and natural fiber. Abaca leaf fibers are among
the preferred natural fibers day by day, thanks to their superior daily usage perfor-
mance and ecological characteristics. The largest share in the export of abaca, a type
of banana plant, belongs to the Philippines. Abaca fibers display a wide range of
different designed applications due to their promising properties. For instance,
many different designed products such as garments, clothing, shawls, curtains, fur-
nitures, carpets, mats, hats, coasters, pillows, packaging materials, handicraft prod-
ucts, decoration materials, decorative lamps and lampshades, flower-wreath
ornaments, multipurpose baskets, tabletop accessories, sports equipments, ropes,
fishing nets, bags, papers, money papers, cigarette filter papers, wrapping papers,
tea bags, cardboards, chipboards, liquid filtration filters, and various industrial tex-
tile materials such as medical articles and composites for different purposes can be
made from abaca fibers. For instance, nowadays, abaca fibers can be used in the
place of glass fibers in automotive industry technical textiles and composite applica-
tions. Indeed, the usage and application areas of abaca fibers are being developed,
and abaca fiber replaces synthetic fibers mostly used in composite structures. The
search for different alternative natural fibers which can be provided with superior
performance with appropriate performance characteristics according to the area of
use is increasing day by day. As a result of the recent research studies, as aforemen-
tioned, glass fibers used in composite structures can now be replaced by abaca
fibers. Studies on the development of different uses of abaca fibers are still continu-
ing. Thus, in the long run, it is aimed to leave a cleaner and more sustainable world
to future generations.
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Our world is experiencing the highest period in the use of plastic and polyester
materials. That is why the interest in ecosystem-friendly abaca fibers as well as
many natural other fibers is increasing by large companies. In particular, the use of
different designs by designers such as Ditta Sandico-Ong and Jontie Martinez sig-
nals that abaca fibers will be added to fashion and design in different dimensions. In
addition, the use of abaca fibers in design studies not only for fashion purposes but
also in technical areas increases the interest in biodegradable abaca fibers, and it is
believed that this trend is expected to increase. The introduction of abaca fibers in
the automobile industry also indicates that the demand for abaca fibers will increase
after 2024. Therefore, it is envisaged that abaca fibers will be used for both technical
and aesthetic purposes and their use for design purposes will become widespread.
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Analysis of Zero Waste Patternmaking
Approaches for Application to Apparel

Ellen McKinney, Sunhyung Cho, Ling Zhang, Rachel Eike,
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Abstract The apparel industry is a major contributor to environmental problems
from textile manufacturing through garment production and distribution to con-
sumer discard—donation, landfill, reuse, or otherwise (Gam et al., Int J Clothing Sci
Technol 21(4):166-179, 2009). In 2015, there were estimated 400 billion square
meters of fabrics produced worldwide and 60 billion square meters wasted during
apparel production. Vennstrom (2012) stated that in the United Kingdom, around
2.35 million tons of waste comes from the clothing and textile industry per year,
which estimates about 40 kilograms (kg) per person each year. Of the 40 kg (88 Ibs)
of apparel waste each year, 74% ends up in landfills (Vennstrom, 2012). Even
though the fashion industry applies a variety of technologies to minimize the fabric
waste in pursuit of cost reductions, it is still far from eliminating the waste of fabric
during the cutting process. On average, 15% of fabric is wasted during the cut-and-
sew garment production process (Rissanen & McQuillan, 2016). Professionals and
researchers in apparel design and product development discipline are facing a tre-
mendous challenge of combining the innovative patternmaking methods, aesthetics
of apparel design, and fabric waste reduction.

Zero waste patternmaking offers a solution by utilizing the entire yardage of
fabric, leaving no scrap left after the garment completion (Carrico and Kim, Int J
Fashion Des Technol Educ 7(1):58-64, 2014). Further, zero waste has been touted
as a means to more creative apparel design outcomes (Townsend & Mills, 2013).
Many approaches to zero waste patternmaking have been proposed through a range
of sources—blogs, websites, books, and articles (e.g., Townsend & Mills, 2013;
Carrico and Kim, Int J Fashion Des Technol Educ 7(1):58-64, 2014; Fletcher, 2013;
Antanavicitite & Dobilaité, 2015). Unfortunately, many of these approaches are tied
to the particular fabric width and finished garment size they are presented in.

The aim of this chapter is to conduct a systematic review of these approaches. In
so doing, we may understand the key principles and be able to apply them across a
range of fabric widths and garment sizes. The main method will be to collect a
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representative sample of zero waste patternmaking approaches and analyze them.
Approaches will be analyzed through visually for their pattern shapes, garment
components, and three-dimensional finished garment shapes. Selected approaches
will also be drafted, cut, and sewn to further understand the outcomes. Research
questions include the following: (1) What are the major pattern design principles?
(2) What outcomes do these results in? (3) What challenges exist with these
approaches? These findings will provide information that will help designers suc-
cessfully apply zero waste patternmaking methods in apparel design. Further, the
research findings will provide focus for needed areas of future research.

Keywords Zero waste - Patternmaking - Garment - Design - Apparel - Fabric -
Production - Apparel industry

Introduction

In the apparel industry, both the production of textiles and the waste of textiles dur-
ing apparel production negatively affect the environment. Production waste of tex-
tiles is often caused by lack of creativity in design and patternmaking approaches
(Gwilt 2013; Rissanen 2016). However, there is a potential solution to overcoming
these fabric waste challenges: zero waste pattern making, where fabric waste is
prevented through creative application of patternmaking methods.

The goal of this chapter is to provide an in-depth understanding of existing zero
waste patternmaking methods. In this study, the authors aim to identify the major
types of approaches to zero waste patternmaking to develop a classification system
(Reynolds 2007). By developing a classification system, approaches may be grouped
according to their similarities. This will allow designers to understand and select
from myriad publicly available approaches with greater ease. The authors also aim
to assess the pros and cons inherent in different patternmaking approaches. By con-
tributing this knowledge to the patternmaking field, the authors hope to enable more
apparel producers to adopt these innovative techniques and reduce textile waste in
the apparel production process.

The following research questions guided this study:

1. What are the major approaches to zero waste patternmaking?

2. How can these approaches be understood relative to currently or historically
used methods of patternmaking?

3. What strategies are used to avoid the production of textile waste in the pattern-
making and apparel design process?

4. What kind of garment outcomes are achieved with zero waste patternmaking?

5. What are the benefits of zero waste patternmaking in the apparel manufacturing
process?

6. What are the challenges of zero waste patternmaking in the apparel manufactur-
ing process?



Analysis of Zero Waste Patternmaking Approaches for Application to Apparel 33

By identifying major approaches and relating them to existing patternmaking
concepts, the authors hope to make zero waste patternmaking techniques more eas-
ily grasped and utilized by apparel industry professionals. Through the explanation
of zero waste patternmaking benefits, the authors are better able to encourage the
use of these techniques. Identification of challenges may give practical direction for
future apparel researchers. Improved understanding of zero waste patternmaking
approaches for increased use within the apparel industry is the targeted outcome of
this chapter.

This chapter begins by reviewing the related literature including the apparel
industry’s contribution to environmental problems, the impact of patternmaking on
production waste, challenges faced in the apparel industry, and an overview of zero
waste patternmaking. Next, we explain the two-part method that was used to shed
light upon zero waste patternmaking principles, so designers and patternmakers
may be able to apply the production method to their works. In the Findings, we situ-
ate zero waste design approaches in relationship to existing patternmaking frame-
works and illuminate patternmaking strategies for implementing zero waste design
and garment outcomes and challenges when using zero waste techniques. Finally,
we discuss how professionals in the apparel industry and researchers may use these
findings to achieve zero waste patternmaking. Implications are provided for work-
flow within the apparel industry, as well as benefits and challenges to be considered.
Ultimately, the findings from this study may empower apparel researchers, design-
ers, and patternmakers to reduce the negative impacts of the apparel industry on the
environment.

Literature Review

Apparel Industry Contributions to Environmental Problems

The apparel industry is a major contributor to environmental problems from textile
manufacturing through garment production and distribution to consumer discard—
donation, landfill, reuse, or otherwise (Jin Gam et al. 2009). These environmental
problems cause negative changes to limited global resources, affecting the health of
human lives on our planet. The apparel production process includes five stages: pre-
production, production, distribution, utilization, and end-of-life disposal (Lawless
and Medvedev 2016). Textiles and trims selected in the pre-production stage are cut
and sewn during the production stage. The cutting is based upon the design, created
by the fashion designer, and the corresponding garment pattern, as executed by the
patternmaker. It is estimated that up to 80% of a product’s environmental and eco-
nomic cost is determined in the design stage (Fletcher 1999; Lawless and Medvedev
2016). There are negative environmental impacts not only from the production of
textiles but also from the waste of textiles, during apparel production.
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Textile production. First, fibers are grown or manufactured using plants, ani-
mals, or chemicals. Next, these fibers are spun into yarns. Yarns are knitted,
woven, or otherwise constructed to produce textiles or trims. Finally, the textile is
dyed and/or printed. Additionally, many textiles go through a finishing process
where chemicals are added to imbue special properties to the textile (e.g., wrin-
kle-free finish).

Textile production may yield a number of negative impacts related to chemicals
used in the growing and production processes (Fletcher 2012; Quinn 2015). For
example, improper handling of pesticides used to stop insects from damaging cotton
plants results in poison exposure, causing numerous negative health effects and
deaths (Leonie 2017; Fletcher 2012). Use and contamination of water through dye-
ing and finishing processes diminishes or pollutes water resources, negatively
affecting the livelihoods and health of community members that depend on these
water resources (Ataniyazova 2003).

Problems in apparel production. In medium to large apparel companies, the
designer and patternmaker roles are separated for maximum efficiency and output
(Fletcher 2012). The designer is commissioned to sketch numerous styles each sea-
son, the patternmaker then develops the pattern, and a first prototype is sewn and
reviewed by the designer (Fletcher 2012). This cycle may continue through several
iterations before approval of a garment for large-scale production.

During the cutting phase of a garment’s production, an average of 15% of the
textile fabric is not used and simply tossed as waste (Rissanen 2016). In 2012,
approximately 15% of all textile fabric utilized in the apparel industry equaled
about 60 billion square meters of textiles being thrown away (Rissanen 2016).
Apparel companies have an economic interest in maximizing fabric-cutting effi-
ciencies, and this role is assigned to the technical support team (e.g., patternmakers,
marker markers, etc.), who carry the responsibility for controlling costs through
design and materials choices (Fletcher 2012; Rissanen 2016).

Nonetheless, despite industry’s interest in efficient textile production, cur-
rent practices do not promote reducing fabric waste in the best possible way, a
fact that is largely caused by the separation of design procedures from pattern-
making and technical design procedures (Fletcher 2012). Further, the current
apparel industry mindset elevates the ideas of the designer over those of the
patternmaker, creating a situation where suggestions to change designs to
reduce waste are rarely made by the technical support team, for fear of
encroaching on the designer’s creativity and vision (Almond 2010; Fletcher
2012). It is important to recognize that garments represent “a finished product
(that) embodies all the time and effort of all the people who contribute to the
fiber production, wasting a percentage of the fabric is also wasting the embod-
ied effort of all individuals who had contributed to the fabric production”
(Saeidi and Wimberley 2018, p 243).
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Impact of Patternmaking on Production Waste

Textiles wasted in the cutting process is primarily due to a lack of ingenuity in
approaches to design and patternmaking (Gwilt 2013; Rissanen 2016). The pattern
embodies information about how the textile is cut into pieces that can be sewn
together to create the designed garment. Thus, it is essential for designers and pat-
ternmakers to work alongside each other during the development process to con-
sider efficient textile use and design aesthetic simultaneously. Improving
patternmaking through this collaborative method is essential in the reduction of
textile waste.

Challenges

Professionals in apparel design and product development disciplines are facing the
tremendous challenge of combining efficient apparel production, aesthetics of
apparel design, and fabric waste reduction. However, DeL.ong et al. (2013) found
that designers were interested in improving sustainability practices but lacked prac-
tical knowledge about how to integrate sustainability into their design process.
Tangible information that gives designers directed guidance as to how they may
integrate sustainable practices into their works is greatly needed.

Zero Waste Patternmaking

Zero waste patternmaking can be a solution to overcoming the textile waste chal-
lenges of the apparel industry. Zero waste patternmaking is defined as a technique
or method for creating patterns without any wasted textile fabric. This special
method brings sustainability into the initial stage of apparel product development
“by integrating pattern cutting into the design process” (Rissanen 2016, p 11).

Conventional patternmaking methods are based on the three principles: dart
manipulation, added fullness, and contouring (Joseph-Armstrong 2010). Dart
manipulation refers to moving a dart from its original location of the basic pattern
sloper. Added fullness regards providing volume to the garment with the help of
gathers, pleats, flares, or tucks. Contouring is to fit a pattern to the body more nearly
than the sloper does. Zero waste design approaches may be different from or share
the same principles of conventional patternmaking method (Saeidi and
Wimberley 2018).

Zero waste patternmaking methods may be beneficial in the reduction of waste
of textiles; however, certain challenges must be considered, to help designers and
patternmakers fully utilize methods. One challenge is that the methods frequently
require more time to implement (Saeidi and Wimberley 2018). Variations in textile
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widths limit the repeatability of zero waste design techniques (Saeidi and Wimberley
2018). Most textiles are fabricated in the range from 36 to 60 in (approx. 91-152 cm)
in width (Hatch 1993), which can significantly affect the layout of pattern pieces
and/or finished garment size. Yet another challenge involves creative thinking
regarding creating closures and constructing seams (Carrico and Kim 2014). The
aim of this chapter is to conduct a systematic review of these approaches. In so
doing, designers and patternmakers may better understand and apply the key prin-
ciples of zero waste patternmaking, and researchers may become aware of areas
needing future research.

Method

A representative sample of zero waste patternmaking approaches was collected and
analyzed, in two stages. The first stage analyzed publicly available examples.
Exemplifiable approaches were derived from these examples, using content analy-
sis. In the second stage, zero waste patternmaking approaches were tested and ana-
lyzed by students in a graduate-level apparel design class, to provide tacit knowledge
and further discussions. Findings from the two stages were synthesized to illumi-
nate key zero waste patternmaking principles, so designers and patternmakers may
be able to apply the production method to their works.

Sample and Data Collection

Stage 1: Publicly available collected examples. Sixty-four zero waste design
cases were collected by searching online sources with the keywords “zero waste
fashion design,” “zero waste design,” “zero waste pattern,” and “zero waste fash-
ion.” The data were collected from publicly available online sources such as inde-
pendent designers’ websites, retrievable exhibitions, or publications. A single case
was defined as a zero waste design in which images of both the flat pattern and the
constructed garment were available. For each case, data were entered pertaining to
when the case was published or collected, retrievable links or published sources,
names of designer and design, and any additional relevant descriptions. Twenty-six
designers were represented in the data set. The goal of this stage was to research
current approaches to zero waste design to understand the methods based on pub-
licly available examples.

9% <

Stage 2: Class part. Eight students were enrolled in a graduate-level apparel
design class at a major Midwestern university in fall 2018. All students enrolled in
the course happened to be female. The focus of the course was on the research,
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analysis, and application of experimental patternmaking techniques to original gar-
ments. The course began with a discussion of theory in patternmaking (Pedersen
2007; Lindqvist 2015; McKinney et al. 2016; Bye 2010) and a review of the tradi-
tional patternmaking principles: dart manipulation, added fullness, and contouring
(Joseph-Armstrong 2010). The course investigated several types of sustainability-
related patternmaking. Only the work related to zero waste patternmaking is
reported in this chapter.

Patternmaking technique study and application (PMTSA). Each student was
required to complete a PMTSA on a zero waste patternmaking method of her choice.
PMTSA is a standardized process for testing and analyzing patternmaking
approaches (McKinney et al. 2016). The steps are as follows. Each student created
her selected pattern (Table 1) in half scale, using a Wolf brand size 18 half-scale
form. A half-scale muslin first sample was sewn of each completed pattern. Each
student studied her pattern to discover what she could learn and apply to future
work. Students analyzed the following aspects: (a) type of patternmaking, dart
manipulation, added fullness, and/or contouring, (b) basic principles and rules of
the pattern method, (c) constancy of these rules and principles, and (d) rules of tra-
ditional patternmaking that are “broken” in this pattern.

Each student then created her own half-scale pattern by applying the rules and
principles of the studied pattern in a different location of the garment. A muslin first
sample of the new design was sewn. Each student again was prompted to closely
review her pattern to determine areas for improvement, reflect on what she has
learned in this phase, and identify how she could adapt her methods in future pat-
terns, with the addition of the question: Where did you move the pattern manipula-
tion and how well did that work? Each student gave a 10-min presentation to the
class, including a presentation of their patterns and first samples and a description
of their analyses.

Table 1 Selected zero waste patterns completed by students

Pattern designer Name of zero waste pattern Student

Anastasia Nash Seamless trench vest Courtney Barbour
Anastasia Nash Zero waste blouse with Japanese airs Sophia Luu

Eqos on DeviantArt Gored cloak Stephanie K. Hubert
Halston Envelope top Bingyue Wei

Holly McQuillan Zero waste t-shirt Jessica Ciarla

Holly McQuillan Wrap dress Megan Romans
Unknown Circular hooded cape Sunhyung Cho
Yeohlee Teng Coat Minsu Kim
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Analysis Method
Stage 1: Content Analysis

Content analysis (Krippendorff 2019) was used to analyze the collected data. The
content analysis method was to systematically analyze emerged patterns in images
and text data (Neuendorf 2002). First, at the initial stage of data analysis, a coding
scheme of paradigms was developed based on the existing conceptual frameworks
of patternmaking. New garment-style subcategories emerged as additional cases
were analyzed (Creswell 2014). A final list of codes was developed: (a) clothing
paradigm (rectangular cut, tailoring matrix) (Lindqvist 2015), (b) garment silhou-
ette (boxy, semi-fit, contour-fit), (c) use of traditional patternmaking techniques
(dart manipulation, added fullness, and contouring) (Joseph-Armstrong 2010), (d)
garment features present (neck hole, armscyes, waist area, or traditional seam lines),
and (e) type of zero waste designs (e.g., Jigsaw (Rissanen 2008) or Transformational
Reconstruction (Saeidi and Wimberley 2018)). The images and text of each case
were imported into qualitative data analysis software (QDAS) and analyzed. During
the coding process, image observation memos were recorded that related to poten-
tial concerns with manufacturability, marketability, construction, or garment fit,
which may impact commercial viability. For example, in the initial round of coding,
researchers identified basic and informatic codes as garment silhouette or presented
garment features. The researchers carefully analyzed both of the two images (flat
patterns and constructed garment) of design to understand the integrated structure
and method of the design. Lastly, additional codes were added regarding construc-
tion methods and clothing paradigms based on the previous studies and Lindqvist’s
theoretical framework (2015). Finally, a report of code co-occurrences was gener-
ated to understand themes and trends within the clothing paradigms.

Lindgvist’s (2015) two paradigms of clothing. To categorize zero waste design
approaches, Lindqvist’s (2015) two paradigms of clothing was selected as a starting
theoretical framework. First, the paradigm of rectangular cuts arises from the per-
spectives of stressing relation to the body in ancient drapes, a whole cloth piece on
the straight grainline. Three types of clothes can feature such historical garments:
(a) djellaba, a wrapping-style garment; (b) tunics, a poncho-like-style garment; and
(c) kaftan, a mantel-like-style garment (Hamre et al. 1980). Those types of garments
are wrapped, folded, or naturally manipulated on the actual wearer resting on the
shoulders or the waist. Another is the paradigm of tailoring matrix established in the
drafting and draping system, the current standard design method in the fashion
industry and education. This paradigm can be considered a “traditional” approach
from the western perspectives since the tape measure was introduced in the begin-
ning of the nineteenth century (Hollander 1994). This technique usually helps to
generate fitted or “draped” garments that relate directly to the human body shape in
contrast to the ancient styles.
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Stage 2: Patternmaking Technique Study and Application

Following the students’ presentations, the class analyzed the findings from the pre-
sented patternmaking techniques. This included the answers to the questions posed
in the PMTSA assignment, as well as the pattern and garment outcomes. Students
discussed use of traditional patternmaking rules, as well as those patternmaking
rules that were broken during their design process. Students discussed the pattern-
making principles present in their selected patterns. An important part of the discus-
sion was the outcomes of drafting the pattern and sewing it with whatever instructions
were provided by the pattern’s designer. Through this part, many challenges to
mass-producing these zero waste patterns were noted. In each part of the discussion,
students noted similarities and differences. For example, in the discussion of tradi-
tional patternmaking rules used, many students found similarities in the use of the
principle of added fullness in their selected patterns. However, differences were
seen, for example, in the way openings were created for necks and armscyes. Some
occurred through the use of slits, while others were created in a more traditional
manner, with leftover pieces used creatively elsewhere in the garment. Aspects com-
mon to most zero waste patternmaking approaches were noted. Connections were
drawn between major approaches to zero waste patternmaking and the outcomes
achieved. For example, use of the patternmaking principle of added fullness resulted
in loose, boxy silhouettes. The aim was to give a codified framework to the students’
newly gained knowledge.

Findings

Zero Waste Design Approaches and Relationship to Existing
Patternmaking Frameworks

As aresult of Stage 1, the authors classified zero waste design approaches based on
the existing conceptual frameworks of patternmaking using Lindqvist’s (2015) two
paradigms of clothing as an organizational framework (see Table 2). This attempt
helps to provide better understanding of how recent approaches to zero waste design
have been embodied by the apparel design community. By identifying major
approaches and relating them to existing patternmaking concepts, the authors hope
to make zero waste patternmaking techniques more easily grasped and utilized by
apparel designers and patternmakers.

Paradigm of rectangular cuts. In the paradigm of rectangular cuts, 31 cases were
identified with 3 garment styles: (a) tunic, (b) djellaba or kaftan, and (c) sandwich.
These garments all demonstrated boxy silhouettes and did not include any or mini-
mal dart, shoulder seam, or traditional armscye seam. They also were minimally cut
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Table 2 Analysis of zero waste fashion design approaches

Perspectives | Paradigm of rectangular cuts | Paradigm of tailoring matrix
Loose/moderate fit Fitted/contoured
Style Nontraditional armhole style | Existing RTW style
Patternmaking | Squared | Tunic, » Tessellation or * Transformational
patterns djellaba, or Jigsaw method Reconstruction
kaftan or method (Saeidi and
sandwich Wimberley 2018)
style
e T-shaped * Developing
patterns existing patterns
*  Wrapping * “Fixed area” and
around modify the
patterns to save
the rests
(Rissanen 2008)
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Fig. 1 Three styles of the paradigm of rectangular cuts

and naturally draped and hung over the body of the wearer (Carrico and Kim 2014).
Use of grains and types of fabric may critically function for a final look (Fig. 1).

Tunic. The most frequently emerged style (16 out of 31) was tunic, a poncho-like-
style garment. The patterns of the tunic style showed a “T-shape,” which includes a
neck hole in the middle of the panel. While there are many modifications of the
T-shaped style, pattern commonalities include minimal cutting and a neck hole.
There is no traditional side or shoulder seam in the tunic and the main panel usually
wraps around the body. The width of a cloth decides the length of sleeves and the
fabric weight affects the overall clothing fit. In the examples of Holly McQuillan,
one of the designers who started popularizing zero waste designs, the negative

spaces of neck holes were used for neck facings. This type of pattern is usually used
for simple tops or long dresses.
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Djellaba or kaftan. These garments involve a piece of cloth that wraps around the
upper body or lower body, but does not entirely cover the body, creating distinct
drapes. A separate waist belt usually fixes the clothing fit. This type of patterns has
been frequently used for wraparound jackets with or without hoods. The negative
spaces were used for belts or pockets.

Sandwich. The sandwich styles, which are not seen in Hamre’s analysis (1980),
involve a rectangular front and back panels that are attached at certain fixed points
such as shoulder or waist areas. The rest of the panels naturally hang down to the
body, creating natural drapes and covering the body.

Paradigm of tailoring matrix. In the paradigm of the tailoring matrix, 33 cases
were found. These garments included semi-fitted or contour-fitted silhouettes,
which are closely related to the existing ready-to-wear styles. Their patterns were
based on basic slopers and included dart manipulation, added fullness, or contoured
shapes.

Jigsaw method. Most of the patterns (29 out of 33) were developed using the
Jigsaw method, consisting of a “fixed area” and modifying the patterns to utilize the
remaining fabric (Rissanen 2008). Many of the designs used remaining fabric for
adornments, pockets, or facings. As following the basic sloper including inevitable
curvy lines in neck holes, armholes, hood, or sleeve patterns in the paradigm of
tailoring matrix, large pieces were positioned in the pattern layouts, and negative
areas of the large pieces were filled with small pieces such as a collar, facing, or
pockets. Design of Jigsaw method in three dimensions showed fitted silhouettes but
selectively also showed loose fits (Fig. 2).

Fig. 2 An example of Jigsaw method (Julia Lumsden, 2010)
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Transformational Reconstruction method. Alternatively, few of them (4 out of
33) seemed to adopt the Transformational Reconstruction (TR) method, creating a
three-dimensional garment first and re-patterning it to two-dimensional patterns
(Saeidi and Wimberley 2018). The patternmaking technique, developed by Shingo
Sato, is an innovative tool for modifying conventional darts and seams into desired
seam lines (Saeidi and Wimberley 2018). Therefore, the unique technique seems to
be used for zero waste designs, allowing for combined pattern pieces shaped in
rectangular cuts. Designs of TR method in three dimensions showed a fitted silhou-
ette reflecting designers’ desired shapes. However, inevitably, there could be certain
negative spaces in the pattern layout, and spaces were used for facing and lining as
the Jigsaw method showed (Fig. 3).
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Fig. 3 An example of Transformational Reconstruction method (Saeidi and Wimberley 2018)
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Zero Waste Patternmaking Strategies

In Stage 2, through the completed PMTSA assignments and related discussion, a
number of patternmaking strategies applied by zero waste pattern designers to use
the entire piece of textile fabric (i.e., no discard or waste) were identified. These
strategies are discussed below.

Merge seams. In many zero waste patterns, side seams and shoulder seams were
merged. This was a way to avoid the triangles of wasted fabric that is created when
generating shoulder slopes or waist shaping. Unsewn darts were converted to flare.

Wrapping. Belts or sashes were often used to fit the garment to the body, as well
as another way to utilize all the textile yardage. The need to contour the garment to
the body is related, in turn, to the avoidance of shaping devices as a means of waste
circumvention.

Create body openings with slits instead of curves. This strategy avoided the gen-
eration of the circular-shaped wasted fabric that is typically created along armscyes
and neck openings. Neck openings may be a slit straight across the shoulders of a
T-shape.

Creative use of cutout pieces. If leftover pieces were created through side seam
shaping, armscyes, or neck openings, these pieces were creatively incorporated into
the garment design. For example, neckline cutout pieces could be used as reinforce-
ment fabric at stress points in the garment.

Tessellation. In this technique, repeated triangular- or rectangular-shaped pattern
pieces are fitted together with no space or overlap as a way to eliminate waste in the
cutting process. Tessellation refers to use of the same shape repeatedly to compose
the entire garment silhouette. It must be a shape that interlocks to create a continu-
ous 2D plane that corresponds to textile. However, the shapes must be able to be
reconnected in a way that creates the desired 3D garment silhouette.

Zero Waste Patternmaking Garment Qutcomes

The following garment outcomes were commonly found in zero waste garment
designs.

Loose and boxy silhouette. Students found that most of the patterns they selected
utilized the traditional patternmaking principle of added fullness, which resulted in
loose and boxy garments. In the attempt to minimize use of shaping devices (seams,
neck and armhole openings) so as to avoid textile waste generation, the garment
silhouette commonly resulted in a loose and boxy shape. As observed through
content analysis of publicly available zero waste patterns, fitted silhouettes are pos-
sible with the incorporation of numerous seams and dart manipulation.
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Shoulder as the supporting point of the garment. Most zero waste design gar-
ments hung from the shoulders. Strapless garment designs were not seen. This could
be due to the need to contour a garment closely to the body to create a strapless
garment. To do so would require shaping devices and corresponding fabric waste.

Benefits of Zero Waste Patternmaking Approaches

Most importantly, zero waste patternmaking methods eliminate, or at least largely
reduce, contribution of textile waste for the landfills. Another interesting outcome
the authors observed was that zero waste patternmaking techniques most often
resulted in garments that did not copy current silhouettes—resulting in unique
design outcomes. For example, designs had seams in unexpected locations, such as
diagonal, instead of vertical side seams. Such uniqueness may give apparel brands
a competitive advantage. Additionally, some zero waste patternmaking methods,
particularly those in the paradigm of rectangular cuts, have fewer seams than tradi-
tional garments. This may reduce apparel production costs in cutting and sewing
aspects. In addition, zero waste patternmaking garments may feature universal
design, allowing people of diverse sizes to wear the type of garments because of
their loose and boxy silhouette.

Challenges of Zero Waste Patternmaking Approaches

Zero waste patternmaking methods are often size-constrained. It was found
that most methods only produced a garment of a single size. For some students,
creating their first samples of selected patterns was extremely challenging and
required several iterations to achieve the design. This was because the instructions
for the selected pattern were for a different size and did not translate well to the
dress form size.

Textile width and length affect design. Textile widths are determined by fabrica-
tion equipment, such as a weaving loom, and cannot be changed. This is a problem
if the design you are trying to produce is engineered for a different width fabric than
what the designer has.

Difficulty finishing edges. Many zero waste designs tested by the students lacked
consideration of how to finish the edges. This was particularly challenging when
slits were cut into garments for neck or arm openings. Properly finished edges are
important as they contribute to the longevity of the garment and may impact quality
perceptions from a customer standpoint.

Off-grain. It was found that the grainline of the pattern piece to the fabric was
often unusual, breaking traditional rules of aligning the length of pieces on the
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straight grain of the fabric. These off-grain and cross-grain situations typically
occurred as the result of seam merging in the pattern design. However, in some
cases pieces were purposely cut on the bias grain to help the garment wrap around
the body.

Lack of mass production knowledge. Some of the published zero waste designs
used solutions to eliminate waste that were not in line with mass production prac-
tices. For example, zero waste pattern designers tended to add additional adorn-
ments or pockets that might not be necessary to remove the negative spaces. While
using these scraps as adornments eliminates waste, it also adds cost in terms of
sewing the added elements to the garments. To increase use of zero waste practices,
designers and producers must be aware of all design decisions on mass production
feasibility and costs.

Insufficient directions. Available zero waste designs lacked clear and comprehen-
sive pattern drafting directions. Insufficient development description, instructions,
and visual references may result in a poor garment fit or waste generation. These
insufficiencies in design communication make it extremely challenging for others to
reproduce the method successfully.

Discussion and Implications

The findings of this detailed review of zero waste patternmaking methods provide
practical knowledge for apparel professionals (Delong et al. 2013). Let us consider
how professionals in the apparel industry and researchers may use this knowledge.
Both apparel designers and patternmakers can benefit from these study findings.
Further, it is clear that both designers and patternmakers must work synchronously
to achieve a zero waste outcome. Alignment of development team members would
require a change to current fashion industry processes (Fletcher 2012). Ultimately,
the goal is for the fashion industry to increase the use of zero waste patternmaking
strategies and reduce textile waste.

Zero Waste Design Approaches and Relationship to Existing
Patternmaking Frameworks

In the paradigm of rectangular cuts, zero waste patternmaking garments feature
tunic, djellaba or kaftan, or sandwich styles. The type of garments includes minimal
cuts and least darts. These styles were developed by contemporary clothing
designers such as Yeohlee Teng or Zandra Rhodes, who are pioneers of zero waste
garments. Typically, rectangular-cut designs present loose silhouettes and are more
likely to fit a variety of sized individuals. Variability of fabric widths may not affect
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the overall size of the garments. Designs in the paradigm of rectangular cuts do not
relate the traditional patternmaking method (e.g., Joseph-Armstrong 2010). For
example, designs do not show the typical sloper shape, and with enough amount of
added fullness, darts of the basic slopers are ignored. Traditional shoulder or side
seams are not used in pattern development. Instead, one or a couple of whole pieces
may wrap across the body with being folded or manipulated without any seams.
Experimental patternmaking is required in the rectangular-cut process.

In the paradigm of tailoring matrix, zero waste patternmaking garments feature
existing ready-to-wear styles. Garments usually incorporate traditional seams and
show basic sloper shapes. By adopting Jigsaw method or TR method, designs in the
paradigm of tailoring matrix minimize negative spaces in the pattern layout.
Strategies for the approach are modifying some curvy lines in the pattern or inten-
tionally creating the negative spaces to put all of the pieces together. Therefore, it
may require a lot of time and effort to achieve the designated pattern layout. In addi-
tion, there could be possible fit issues because the garments may be a fitted or semi-
fitted silhouette. In addition, the garment patterns developed can only be associated
with one particular size because overall dimension of textile (width and length)
indicates the full puzzled layout. Apparel industry professionals may use the identi-
fied major zero waste patternmaking techniques and their relationship to existing
patternmaking concepts, to easily comprehend and use zero waste patternmaking.

Strategies Used to Avoid Fabric Waste in the Patternmaking
and Apparel Design Process

Similarly, apparel industry professionals may use the identified major zero waste pat-
ternmaking strategies as a roadmap to implement zero waste patternmaking in their
own company structure. One simple and effective strategy is to eliminate garment
seams by merging two pattern pieces together. As a result, the “extra” space between
pieces becomes added fullness around the body. If such fullness was not desired,
designers and patternmakers, as a team, could explore garment adjustability strategies
(McKinney and Wei 2019) to control excess fabric in a creative way. Currently, zero
waste patternmakers use wrapping and belting to fit the garment to the body, which is
an easily implemented strategy and often in alignment with prevailing fashions.
Another simple strategy is to convert circular neck and armscye openings into slits.

Tessellation is another interesting approach to eliminating fabric waste. This
strategy would require some additional thought by designers and patternmakers but
could result in innovative, as well as fabric-efficient, outcomes. First, the designer
must consider how the desired 3D garment silhouette could be divided into 2D
shapes, which could be rotated to fit together into a flat planar structure (i.e., textile
yardage). As such, tessellation is a bit of a puzzle-solving exercise. As 3D virtual
patternmaking continues to develop, it may become easier for designers to visualize
and implement such patternmaking methods. This is an area that researchers could
assist in exploration for future works.
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Garment Qutcomes Achieved with Zero Waste Patternmaking

Boxy garment silhouettes that hang from the shoulders are often the outcome of
minimizing the use of shaping devices (seams, neck and armhole openings) to avoid
textile waste generation. By knowing what outcomes are typically achieved, design-
ers may design into these silhouettes. This knowledge gives designers a starting
point to achieve a zero waste outcome more easily.

Conversely, the known outcomes give researchers and designers a challenge.
How can zero waste techniques be used to create more fitted garment silhouettes
or strapless silhouettes? Some researchers have already begun to tackle these
issues. McKinney and Bennet (2015) created a strapless gown with minimal
waste. However, pattern shaping used to fit the bodice resulted in some waste.
Saeidi and Wimberley (2018) successfully created fitted zero waste designs using
the TR method. Creativity is needed to develop means for creating zero waste
contoured garments. To achieve fitted garment silhouettes, development of pat-
ternmaking methods is further needed besides the existing methods such as TR
(Saeidi and Wimberley 2018) or Jigsaw methods (Rissanen 2008).

Benefits of Zero Waste Patternmaking in the Apparel
Manufacturing Process

Equipped with knowledge of the benefits of zero waste patternmaking, designers
and patternmakers may be more likely to integrate these techniques into their
own practice. Due to the challenging nature of using 100% of textile yardage,
designers must dig deeper into their own creativity to find a solution. This is
beneficial as an impetus for creative unique garments in an overcrowded fashion
marketplace. Another benefit of zero waste patternmaking may be a reduced
number of seams provided by combining seams that may reduce cutting and sew-
1ng costs.

Challenges of Zero Waste Patternmaking in the Apparel
Manufacturing Process

The identified challenges may serve as future research direction. Garment sizes
increase more in circumference, than they do in length (Mullet 2009). Therefore,
the proportion of the pattern shapes changes as sizes increase or decrease. For
example, a sleeve pattern that fits neatly between two bodice pieces on the
cloth may no longer fit if the size is increased (or decreased). Work is needed
to develop zero waste patternmaking methods that work for a range of sizes. As
indicated by Saeidi and Wimberley (2018), our findings confirm that work is
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needed to develop zero waste patternmaking methods that function for a range
of fabric widths. Most published methods are engineered for a specific width
of fabric; yet fabric widths can vary from 27 to 60 in (Hatch 1993). Fabric
width can significantly affect the layout of pattern pieces and/or finished gar-
ment size.

Another challenge common in zero waste patternmaking is devising appropriate
edge finishes for slit openings, due to their lack of seam allowances. This issue may
be explored by researchers through laser cutting (Rorah 2016), pre-finished edges of
designs using digital embroidery (McQuillan and Rissanen 2011), or other creative
methods. Alternatively, designers may come up with creative strategies to use the
circular pieces from shaping devices, as functional or decorative elements. Even
more creatively, designers may consider cutting the neck and arm openings into
shapes that correspond to pattern shapes needed elsewhere in the garment. For
example, armscyes could be cut as square shapes, which could be used as patch
pockets.

Another challenge of zero waste patternmaking is that, when the pattern shape
is cut, the fabric often ends up off-grain once sewn into full garment form. This
can create unwanted fit problems or twisting effects in the final garment. It can
be difficult to sew darts in a fabric that is not on-grain. Future researchers may
consider how to design without waste while keeping the fabric on-grain. In gen-
eral, many zero waste methods are incompatible with commonly used mass pro-
duction strategies. Majority of the previous studies of zero waste patternmaking
approaches were focused on experimental patternmaking and limited production;
however, only one design does not have to fill out the full dimension of fabric.
Parts of designs from different fabrics (McQuillan 2011) or multiple styles
within one layout (Carrico and Kim 2014) can be applied to achieve zero waste
patternmaking in mass production. Further research is needed to identify and
address such issues.

Due to the addressed issues, designers and patternmakers may start to consider
seeking change of the traditional apparel production process. Zero waste pattern
development process may be involved in the stage of textile production, which was
usually considered the first stage of apparel production. For instance, Holly
McQuillan et al. (2018) has introduced pre-finished edges of designs using digital
embroidery on the fabrics for her zero waste patternmaking designs. All the edges
were pre-finished using digital embroidery and desired print designs were digitally
printed in the designs.

Finally, it was observed that many of the publicly available designs, particularly
through online sources (e.g., blogs, Pinterest), lack full explanations about the pat-
ternmaking technique employed in their created design. This limits the usefulness
of information. Future practitioners should prioritize completeness and replicability
in the sharing of their work, to further the environmental benefits of zero waste
patternmaking.
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Conclusions

Zero waste patternmaking approaches can be divided into two major paradigms—
rectangular cuts and tailoring matrix. Within each paradigm, there are subcategories
of garment styles. This organizational scheme allows designers and patternmakers
to develop an overall understanding of the different types of patternmaking
approaches that exist within the zero waste paradigm. This research has uncovered
certain commonalities among patterns in the paradigms. For example, a garment
made with the rectangular-cut approach is likely to have a loose and boxy fit, hang
from the shoulders, and require a minimal amount of cutting and sewing. Armed
with this knowledge, apparel makers can make better choices about the approach to
achieve their desired garment outcome.

This study has positioned zero waste patternmaking approaches within the
realms of current and historical methods. Further, it has delineated commonly used
strategies in avoiding textile waste. Finally, this study contributes knowledge of
achievable garment outcomes, benefits, and challenges of zero waste patternmak-
ing. This knowledge may help to de-mystify zero waste patternmaking and increase
its use.

The knowledge contributed through this study also gives focus to future
research efforts. Researchers may explore garment adjustability strategies
(McKinney and Wei 2019) to take in the excess fullness generated by rectangular-
cut approaches. Also, in line with sustainable clothing design, the concept of uni-
versal design may be applied with zero waste patternmaking because the method
often features non-tailored silhouettes; therefore, people of diverse sizes may wear
the garments.

Alternatively, designers may explore how zero waste techniques could be used to
create more fitted garment silhouettes or strapless silhouettes. 3D virtual pattern-
making software may help designers visualize and implement this research. Two
additional research areas ripe for improvement are the development of zero waste
patternmaking methods that work for a range of garment sizes and fabric widths.
Additionally, research is needed for exploring appropriate edge finishes for slit neck
and arm openings, how to design without waste, and ways to keep the fabric on
grain, as well as making zero waste methods compatible with mass production. To
continue to build the body of knowledge, it is essential for future practitioners to
share their work using adequate details and images to ensure replicability. By using
the findings from this study, as well as continuing to build the body of knowledge
around zero waste patternmaking, apparel researchers, designers, and patternmak-
ers may together reduce the negative impacts of the apparel industry on the
environment.
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Factors That Affect Sustainability
in the Textile Design Industry in Kadoma,
Zimbabwe

Mercy Rugedhla, P. L. P. Disele, R. Moalosi, and L. C. Fidzani

Abstract As sustainability gains prominence in many spheres of life and disci-
plines of study, there is also a need to produce sustainable textiles, or ethical fabrics.
Sustainability in textile design aims at producing fabrics or textiles that provide the
greatest long-term benefits for all the users at any given time to sustain the textile
design industry. This paper explores the need for sustainable approaches for sustain-
able textiles and materials in Kadoma, Zimbabwe. It also highlights the need to
incorporate environmental, social and economic sustainability in textiles and the
textile industry as they produce sustainable textiles. The paper also outlines the fac-
tors that affect sustainability in textile designing companies in Kadoma and explains
how the textile industry can gain sustainability through the use of sustainable textile
production and people-centred designing methods for each of the factors as they
produce sustainable textiles. The paper ends by recommending sustainable textile
design strategies for the textile design industry in Kadoma.

Keywords Sustainability - Sustainable textiles - Sustainable textile design -
Sustainable textile material

Introduction

Sustainable design emphasises the need for the reduction of the environmental
burden. This is in line with the United Nations’ goals for sustainability.
Declaration number 33 of the United Nations’ 2030 for sustainable development
agenda states that members should determine to conserve the natural resources in
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order to promote social and economic development through managing the resources
sustainably. For this reason, the textile industry has been challenged greatly in terms
of sustainable practices on its production processes. Bonilla et al. (2018) commend
the industry’s contribution to social welfare through the supply of high-quality
products. However, they note that the problem of the current production is not envi-
ronmentally sustainable. Nerurkar (2016) alludes to the negative impact the cloth-
ing industry has resulting from the indigenous raw material production and disposal
of such products among other things. Thus, producers are encouraged to find ways
of using materials (resources) that could bring a positive change and reduce the
challenge. Examples include the pollution of rivers from dyes and the depletion of
natural resources from use. Product sustainability has been found to be the answer
to this challenge hence the emphasis of this study to identify the factors that affect
textile design and textile products in Kadoma in order to suggest sustainable strate-
gies for the industry. Hence, the paper proposes the incorporation of sustainable
textile design methods to enhance the textile design industry in Kadoma.

The Cambridge Dictionary (2019) defines sustainability as the quality of being
able to continue over a period of time: or the quality of causing little or no damage
to the environment and therefore be able to continue for a long time. Sustainability
thus has to do with a number of factors such as the quality of performance over a
period of time. It also has to do with the quality of resources and their durability.
According to Walker (2013), sustainability has emerged as a central issue for con-
temporary societies all over the world, and many of the social and environmental
concerns that are embodied in sustainability are related to design directly or indi-
rectly. He adds that sustainability emerged in response to perceived public discon-
tent over the products and services offered by those in business.

The United Nations World Commission on Environment and Development
(1987) defines sustainable development as development that meets the needs of the
present without compromising the needs of future generations. Echoes the same
which shows that this notion is accepted and adopted by many researchers about
sustainability. Concurring, Walker (2013) links the work of the designers to sustain-
ability and that it helps to define how the environment is produced and used and how
long it endures. Similarly, Chen, Li and Mo observe that sustainable design
approaches consider the environmental impacts of products during their whole life
cycle. The application of sustainable design is aimed at the development of more
environmentally benign products and processes. According to them, the aims and
scope of sustainable design should not be separated from those of traditional design
but be an extension of traditional design. They highlighted that sustainable design
without any cultural meaning would not be acceptable by the society. Thus, Tonelli
et al. (2013) define industrial sustainability (IS) as the end state of a transformation
process in which industry is part of and actively contributes to a socially, environ-
mentally and economically sustainable planet.

Alluding to this notion, Bonilla, Silva, Silva, Goncalves and Sacomano (2018)
indicate that companies now recognise the benefits and competitive advantage of
sustainability which include the satisfaction of the stakeholders and the improve-
ment of financial performance through new foreign markets. To achieve
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sustainability, different companies now employ the concept of the 3Ps, thus ‘people,
planet and profit’. Measures (2017) defines 3P as a business model that was devel-
oped to encourage social responsibility and sustainability among business world-
wide. This model emphasises that an organisation should take steps to ensure that
the company’s operations benefit the employees. This should help the workers to
find value in their work. At the same time, the organisation should engage in activi-
ties that promote and not harm the environment and as much as possible reduce
negativity impacts in the environment. By so doing, the company will contribute to
the well-being of the planet. In textile design the concept of 3Ps is employed in
areas such as recycling, upcycling, slow fashion and sustainable product-service
system. It is against this background that this chapter will discuss sustainable
approaches in the textile industry as well as factors that affect sustainability in tex-
tile design industry in Kadoma. Furthermore, the study will also discuss the current
practices in the textile design industry and textile designing and sustainability strat-
egies that can be used to design sustainable textile.

Sustainable Approaches in the Textile Industry

The whole world has been experiencing climatic changes which have been linked to
the various production methods from the various industries including the textile
design industry. This calls for the industry to devise and implement sustainable
approaches that make the industry sustainable and produce sustainable textile prod-
ucts. The textile design industry has implemented approaches to reduce pollution
such as recycling and upcycling among other things to encourage sustainability.

Recycling of Textiles

Recycling is one of the major aspects of sustainability that are related to textiles.
This term refers to reusing or reproducing. According to Worbin (2010), tradi-
tional textiles have a way of recycling material over time. By the same token, the
industry is encouraged to use recycled materials such as fibre to reduce pressure on
virgin resources and reduce pollution. In the same manner, consumers are also
expected to participate through recycling, re-fashioning, restyling and swapping of
investing in quality when buying. Some of the benefits of recycling are that it ben-
efits the needy and the environment as well as creates a sustainable market. Fabrics
from recycled materials have become more popular in the industry. One such
example is the polyester which is made from recycled bottles. Recycling of fash-
ion is usually done to save or preserve the resources. The other reason is to use
materials to their maximum capacity before discarding them. Materials have been
recycled in the textile industry to preserve the environment through dumping waste
and avoiding intoxicating the environment. Textile products should be biodegrad-
able for easy disposal.
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Upcycling

Upcycling is about using waste material to do new products. Vadicherla, Saravanan,
Ram and Suganya (2001) observed that textile waste can be used as the raw material
for value-added products. Consumers can also assist by avoiding the depletion of
the natural resources and through creating and maintaining an ecological balance.
Upcycling is a very simple concept that could go a long way in saving our commu-
nities from environmental pollution. Many industries have a lot of waste with which
they do not know what to do with it. Upcycling helps them get rid of their waste
with some benefits.

Bonilla, Silva, Silva, Goncalves and Sacomano (2018) allude to a more con-
cerned society, public sector and nongovernmental organisations demanding that
the industrial sector should produce in an economically, environmentally and
socially sustainable manner. Nerurkar (2016) cites design as the way of delivering
the sustainable solutions to the environment. Saeed and Kersten (2019) state that
organisations have adopted sustainable practices due to increased social and envi-
ronmental awareness.

The Textile Industry in Zimbabwe

The African continent is characterised by a wide variety of climate, temperature and
terrain. In many African countries including Zimbabwe land is of great significance.
The country’s position on the map of Africa made it easy to trade with the surround-
ing nations. Sithole et al. (2016) argue the textile and clothing industry are the key
manufacturing subsectors in Zimbabwe. Mlambo (2017) confirms this and further
explains that in 1980 Zimbabwe was the second most industrialised country in sub-
Saharan Africa.

Sithole et al. (2016) highlight that the textile and clothing subsectors in Zimbabwe
have played and continue to play a major role in the economy. The clothing and
textile industry in Zimbabwe was wide and boasted on employing more than 20,000
workers. It consisted of a wide variety of companies which dealt with a wide variety
of textile products. They included ginners, spinners and fabric and apparel produc-
ers. Kadoma Textiles was one of the first textile companies to be opened in
Zimbabwe. Zimbabwe is agro-based and Kadoma is a city in the central part of
Zimbabwe. Kadoma Textiles is named after the town. Farmers from and around
Kadoma produced a lot of high-quality cotton; as a result the city housed a lot of
clothing and textile companies in Zimbabwe. According to Mlambo and Phimister
(2006), these companies experienced great success between 1950 and 1980 and
attracted both the local and international market. According to Sithole et al. (2016),
the textile and clothing industry in Zimbabwe started with the establishment of three
ginneries in the then Gatooma town which is now called City of Kadoma which was
funded by the British Cotton Growing Association (BCGA). The first cotton-spin-
ning mill was built in 1941 in the then Gatooma town which is now called Kadoma.
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Mlambo and Phimister (2006) advances that in 1954 the industry continued to grow
and the number of companies increased with the major ones being Kadoma Textiles,
David Whitehead, Security Mills, Textile Mills, Lancashire Cotton Corporation and
Rhodesian Weaving Mills which manufactured most of the country’s blankets.

A number of the African countries rely on their textile industry for economic
growth. However, some such as Zimbabwe have not been able to sustain the textile
industries to provide for their apparel as well as for their other textile needs continu-
ously. Zimbabwe used to produce many textile products and fabrics through its
textile industry, which according to Mlambo and Phimister (2006) flourished
between 1948 and 1989. This has led to the closure of most of the textile industries
including Kadoma Textiles which used to produce large quantities of fabric.
Currently, most of the fabrics that are used are imported from the other continents
and neighbouring African countries. Mlambo and Phimister (2006) also noted that
the most difficult times were between 2000 and 2010 due to the depreciation of the
Zimbabwean dollar.

Factors that Affect Sustainability in the Textile Design
Industry in Kadoma

Zimbabwe used to have a very vibrant textile industry with Kadoma being the cen-
tre of textile activities. It housed most of the textile production and designing com-
panies. These specialised in the cotton fibre which was produced locally.
Unfortunately, these have now closed. The closure of the companies shows the lack
of sustainability that is in most textile companies not only in Zimbabwe but across
Africa. As observed by Tonelli et al. (2013), Bonilla et al. (2018), Mpofu (2012) and
Mlambo (2017), the major factors that affect sustainability in textile design are
resources, restrictive policies, cooperation between internal and external functions,
current practices, consumer consumption, implementation of sustainable initiatives
and the cost of labour.

Textile Resources

Tonelli et al. (2013) envision a future industrial system that delivers high value to
international customers while using less than a quarter of the current resources.
There is great need for the textile industry to reduce the amount of resources that are
used in most textile designs and products. This issue becomes of great concern since
some of the resources are natural and may not be recovered or replaced easily.
According to Bonilla et al. (2018), the rate of exploitation of natural resources
should not exceed the rate of regeneration, and the rate of waste generation should
not exceed the assimilative capacity of the biosphere of environmental stocks. This
study assumes that some of the resources from plants, e.g. cotton, could be saved by



58 M. Rugedhla et al.

changing the methods of growing them. An example would be to allow cotton to be
harvested for a span of 2-5 years without destroying the plant to protect the environ-
ment as well as the people. According to Mpofu (2012), the social or economic
position of the country also affects the operations of the industry. This has been true
in the case of Zimbabwe where the companies’ operations have been directly
affected by the various laws and policies as cited earlier in this paper.

Laws and Policies

Laws and policies also impact sustainability in the textile industry. These could be
local (from within the nation of operation or company) or global. They range from
social, political or economic. Mlambo (2017) advances that laws and policies can
promote or destroy the economy of a nation. Policies are binding once they are
signed, and hence there is not much that the organisations and companies can do to
safeguard themselves against restrictive policies. However, one way is to collabo-
rate with other similar companies to avoid being limited to one place. An example
of these policies is the Multifiber Arrangement (MFA). According to Kenton, the
Multifiber Arrangement was an effort by the United States and the European Union
(EU) to protect their domestic textile industries by restricting imports from develop-
ing countries. Africa is still developing and Zimbabwe is among the developing
countries; hence the restrictive policies seem to be among one of the key factors
affecting textile design in Zimbabwe.

Zimbabwe introduced many economic policies between 1989 and 2018. Most of
these impacted negatively upon the textile industry. Mlambo (2017) cites the
Economic Structural Adjustment Program (ESAP) which was implemented by the
government of Zimbabwe as one of the government policies that had negative
effects on the manufacturing sector of Zimbabwe with the textile manufacturing
being affected most. The World Bank initiated the ESAP in 1991. Under this pro-
gram companies that had been receiving subsidies from the government had to be
given less than their usual amounts. There were no notices given and this forced
many companies to reduce their production. Most of them had to devise strategies
for survival instead of growing. The majority of them had to reduce production as
well as the workforce. This to an extent also shows that many of them had no sus-
tainable strategies in terms of avoiding termination and living long.

Mpofu (2013) observed that the textile industry was facing a great challenge for
second-hand clothing, especially in light of the policy of duty-free finished clothing.
Second-hand clothes sell cheap because the expenses are lowered by free duty. The
pricing of products is also determined by the policies that govern the industry. Thus
companies need to acquaint themselves with these in order to be informed by them
in their operations. In 2017, the Reserve Bank of Zimbabwe observed that many
cotton farmers were affected by the low prices for cotton and were abandoning cot-
ton farming. This in turn impacted negatively on the textile industry in Kadoma
because in the absence of locally obtained cheaper cotton, the companies have to
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import cotton. The Reserve Bank also notes that the other challenge that faces the
textile industry in Zimbabwe is that the international prices of cotton are not con-
stant making it difficult for the industry to plan and budget for business.

Cooperation Between Internal and External Functions

The need for cooperation between internal and external functions should never be
underestimated. Tonelli et al. (2013) suggest that industrial sustainability requires
cooperation between the external agents in the supply network and an organisation’s
internal functions. As seen in the example of companies in Zimbabwe, especially
Kadoma being affected by external policies to the extent of closure, it is important
to ensure understanding and cooperation between the external and internal forces.
These functions include the workers, administrators, suppliers as well as consum-
ers. Lack of cooperation at any level may lead to failure or a compromise of the
standards. Internal policies refer to the company’s laws or policies as well as those
of the country where the company is operating from.

The Current Practices in the Textile Design Industry

Bonilla et al. (2018) state that the current practice in industry contributes to the
depletion of nonrenewable resources, climate change and a loss of biodiversity,
among other ecological impacts through its encouragement of increased production.
Currently, cotton fields are supposed to be burnt after the cotton harvest to prepare
the field for the next crop. This is not environmentally friendly. Tonelli et al. (2013)
advance that the current approaches are focused on manufacturing technology, sup-
ply chain management and product-service systems. Zimbabwe has been greatly
challenged by the poor economic situations, and of late the manufacturing compa-
nies have been failing to procure the needed modern technology and machinery.
This makes them unable to meet their production targets in terms of quality and
quantity. The supply chain for the companies in Zimbabwe has also been affected
by policies such as Multifiber Arrangement which reduces the chances of exports
resulting in limited profits. These observations are based on the understanding that
the current practices focus more on profit-making rather than sustainability.

Consumers’ Consumption

Consumers’ consumption of products matters. The amount of products that con-
sumers use determines the production rates. Companies often produce to meet the
consumers’ demands. There is a need then for consumers to be educated and
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encouraged to practice sustainable consumption. This means that they should be
able to use the textile products taking into consideration aspects of sustainability
such as saving materials and recycling. Bonilla et al. (2018) note an apparent incon-
sistency between attitudes towards sustainable consumption and actual behaviour in
the actual purchase of sustainable products by consumers. Person product attach-
ment (PPA) could help increase the period of time that a consumer will use the
textile product for before discarding it. This will help to reduce the levels of waste
since a number of textile products are not biodegradable and usually not easy to
dispose of. Bonilla et al. (2018) also observe that consumers have not adopted the
principles of sustainable consumption; hence their demand of products is far beyond
their real needs. Nerurkar (2016) talks of the need for person ‘product attachment’
for consumers to be able to keep the textile products for a long time. Zimbabweans
do not seem to emphasise much on product attachment, hence the need for the tex-
tile industry to produce products that have some relationship with being Zimbabwean.
Furthermore there will be a need for the people to be well informed of the products
and their values for the people to appreciate them.

Implementation of Sustainability Initiatives

Tonelli et al. (2013) propose that sustainable industrial activities should focus on
product design and product end-of-life management that lead to industrial manufac-
turers exploring significant savings in energy, water and waste among other things.
Nerurkar (2016) commented that the role of sustainable design is to consider mate-
rials, uses and after use rather than just aesthetics and, therefore, all-encompassing.
Saeed and Kersten (2019) state that the implementation of sustainability initiatives
not only improves the environmental and social performance of organisations but
also provides them a competitive advantage by acquiring a new set of competencies.
Sustainability can be incorporated into design during any and all the phases of the
design process. Gwilt (2012) explored sustainability and fashion design and pro-
poses the integration of sustainable design strategies during the design process in
order to allow for a change in the way products are produced and discarded. The
textile industry in Zimbabwe has to incorporate sustainability initiatives throughout
the production process and especially incorporate foresight. There is a need to proj-
ect the operations of the company over a period of time taking into consideration the
current trends in the industry globally.

The Cost of Labour

The cost of labour highly impacts the sustainability of the textile industry. Labour
costs are generally high in Africa as well as in Zimbabwe. This calls for well-
calculated financial operations for the company to do well in business. However,
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although Zimbabweans are highly educated, the labour costs in industry have been
relatively low for a long time, and this gave the textile design industry an advantage
during its hay days. Mlambo confirms that one of the advantages of the textile
industry in Zimbabwe was that the labour costs in the country are low. This proba-
bly helped the textile companies to gain large profits.

Another challenge that the textile companies or organisation may face is to
engage unskilled labour which may be cheaper but compromise the standards of the
textile products to be produced. Kenton gives an example of Bangladesh which was
expected to suffer the most from the ending of the Multifiber Arrangement as a
result of more competition from countries such as China but did not because they
had an advantage of cheap labour.

Textile Designing and Sustainability Approaches

Nerurkar (2016) states that design contributes 60—80% of the life cycle of a product;
therefore, there is need to impart sustainability components in the textile designs.
Textile designing is a creation of designs or pattern through the use of fibres. The
fibres could be natural or synthetic. Textile or fabric designs could be produced
through a wide variety of techniques or skills such as bonding, knitting and weav-
ing. Worbin (2010) observed that new kinds of building blocks have been intro-
duced into textile design for creating dynamic textile patterns. This is done through
the use of various computer-aided drawing software. Computer-aided design (CAD)
refers to any design that is done using a computer. This software makes it possible
to make very specific and precise illustrations of a very wide variety of designs.

Mitra (2014) indicates that in the textile industry, computer-aided design and
computer-aided manufacture (CAM) systems cover a very large application area
including bed covers, towels, plastic mats, carpets, dress materials, sarees, laces,
table mats, labels, knitwears, suiting and shirting, printing fabrics, furnishing uphol-
stery and many others. The software also allows for specific colour matching. The
designer can, therefore, introduce all the colours they want and be sure to have them
well matching. Many colours with different textures can be introduced at the same
time. This is appropriate for the multi-coloured African designs. Mitra (2014) fur-
ther indicates that the computer-aided design (CAD) or computer-aided manufac-
ture (CAM) module for printing has more than 200 tools and utilities, which include
but not limited to the number of colours and repeat or size of design creation. This
is very appropriate for the production of African textile products because Africans
tend to love and use many colours; hence the colours, patterns and sizes will be put
into perspective without difficulty. This technology has many advantages including
changing designs to any scale and saving time, hence the need to maintain competi-
tive market through satisfying the clients (Jhanji 2018). Computer-aided design
enables manufacturers to meet this need as it makes it easy to make adjustments at
any point of the process.
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Computer-aided manufacture results from computer-aided design. Designs gen-
erated from computer-aided design are naturally complicated and intricate. They
cannot be done manually, hence the introduction of computer-aided manufacture
(CAM) because they have to be manufactured through the aid of computers. The
process of computer-aided manufacture facilitates the manufacture of multidesigns
and thus affords the textile industry the opportunity to producing in bulk. These
include patterns such as Bobby and Jacquard. Supporting this view, Mitra (2014)
states that computer-aided design and computer-aided manufacture software have
developed many modules such as the edit module, and Print module Jacquard mod-
ule by combining an excellent collection of painting tools, and powerful retouching
capabilities all-in-one easy to use Windows application. The company only has to
choose the appropriate modules for the designs that are most appropriate for
Zimbabwe. Thus, the application of the design process in Kadoma will enable the
textile industry to incorporate the expectations of the Zimbabwean consumers into
the textile products that they produce.

The Design Process

The elements and principles of design are used in the context of the design process.
The design process in Fig. 1 is cyclic in nature to show that it can be repeated sev-
eral times for better results. In current designs, the steps are followed according to
the Western or American ways where the process will have been implemented. This
is rarely done in Africa including Zimbabwe.

The design process is important in obtaining and maintaining sustainability in
textile design. The process emphasises on the inclusion of the consumer which is
essential in product acceptability and appreciation. It is sad to note that most textile
products are generated and tested outside Africa and only come to Africa as final
products. In the model in Fig. 1, the double arrows show that in the design process
any of the stages can be repeated until the expected outcome has been achieved. An
example could be where one needs more information on the clients’ recommenda-
tions to ascertain the design. There would be a need to go back and ask for the
required information before proceeding. That would mean redoing the process
twice or thrice before proceeding. This will help the textile industry to produce
textile products that are appealing and meet the expectations of the consumers.

According to the Chicago Architecture Foundation draft (2015), the process has
six cyclic steps. The first one is about defining the problem. The second step involves
collecting information. This information is meant to help broaden the designers’
understanding. The company can collect such information through interviews and
market research. Design strategies can then be set after analysing data. The final
textile product will be expected to be people-oriented according to the Zimbabwe
context. Following the steps of the design process will thus help the textile design
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industry in Kadoma to identify the prospects of their industry and gain a better
understanding of their market which should then inform their decisions for the
industry. The result should be a sustainable textile design industry that can produce
sustainable products and also be sustainable through the ability to maintain and
sustain the textile design industry in Kadoma.

Recommended Sustainable Textile Design Strategies

Kanyenze (2006) expresses the need for the textile industry to implement strategies
that promote industrial sustainability. Strategies are essential because they result
from experience gained from practice. Strategies give direction to the work that
should be done. The executions of well-planned strategies usually yield positive
results. The strategies that are given in this study are based on the factors that affect
the textile industry in Kadoma, Zimbabwe. These strategies should help to refocus
the textile design industry in Kadoma in order to improve performance and become
sustainable.
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Be Resourceful

Kanyenze (2006) observes that there is need for government funding for the textile
industry if it is to be resuscitated. However, it is important to note that funding
should not be limited to the government only but also involve nongovernmental
organisations. The companies also need to attract both local and foreign investors to
get machinery and equipment as this can impact the textile industry positively or
negatively. The current technology produces better products; modern machinery
and technology is thus very essential. Zimbabwe’s Ministry of Finance and
Economic Development (2013) attributed the collapse of the clothing and textile
industry of Zimbabwe to poor standard of technology as well as inadequate capital.

Collaborate

Adebanjo, Teh and Ahmed (2016) confirm the importance of integration and col-
laboration for managing social and environmental issues in order to achieve sustain-
ability across the whole supply chain. There is also a need to become more integrated
into the wider economy to avoid self-sufficiency or relying on limited sources. Life
is not static, and society is affected by many factors such as natural disasters such as
drought or floods which cannot be controlled by man. If an industry relies on one
source for the production of its raw materials, it would shut down. The textile indus-
try is highly impacted by agriculture since it gets some of the raw materials
from there.

Adaptation of Sustainable Initiatives

The textile design industry needs to adopt sustainable initiatives that help transform
their products and services according to the needs of the market so that they will not
die at any moment. Sithole et al. (2016) observe that one of the challenges of the
textile and clothing manufacturing sector is that most companies in Zimbabwe did
not promote exports until around 1988. This was but one example of the challenges
faced by the textile design industry in Kadoma. The adoption of sustainable design
initiatives would help to enhance and promote the textile design industry in Kadoma.

Consumer Consumption

Nerurkar (2016) expressed the need for textile designers to simultaneously satisfy
the consumer through appropriate design principles which ensures quality. Quality
is one factor that attracts consumers to the various textile products. Thus, it is
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important for the textile design industry to be able to meet the consumers’ needs and
expectations. Currently, people change lifestyles according to the influences of
technology around them. The textile industry needs to understand the changes in
order to be able to provide products that attract and meet the expectations of the
consumers. There is also need to observe that the consumers are varied and thus
have varied interests and expectations. It is also vital to consider that consumers
usually want quality at the cheapest possible costs. This has led to the further down-
fall of the textile industry in Kadoma as consumers are attracted to the second-hand
market which provides cheap clothing. Failure to make the necessary considerations
and implement sustainable design strategies may continue to lead to the downfall of
the textile design industry in Kadoma.

Conclusion

Sustainable textile designs should make a great difference in terms of the growth of
the textile industry and increase the acceptability of the textile industry as it also
benefits the environment. This paper gives a background and context in which the
textile design industry operates in Kadoma. The factors that affect sustainability in
the textile design industry were highlighted and include resources, consumer con-
sumption and the laws and policies of the company, state where the company is situ-
ated or international community among other things. Strategies for the production
of sustainable textile design products were proposed, and these should be based on
the implementation of the design process to ascertain person product attachment.
This is anticipated to increase longevity of the textile design products that are pro-
duced by the textile design industry in Kadoma and thus achieving sustainable
design and development. Such a sustainable approach can assist to revive the once
vibrant Kadoma textile industry. This can only be achieved when all the stakehold-
ers are involved and customers are educated on sustainability issues in order to
empower them to make sustainable decisions when purchasing new products. The
goal is to use the current resources sustainably and enable the future generation to
also use the same. Finally, the paper recommends the adoption of sustainable meth-
ods and strategies in order to produce ethical textile and revive the textile industry
in Kadoma.
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Contributions to Sustainable Textile Design
with Natural Raffia Palm Fibers
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Abstract Sustainability is to maintain the ability to be permanent while ensuring
productivity and continuity of diversity. Sustainability is one of the biggest prob-
lems in the textile industry. Indeed, sustainable design is an indispensable element
of today’s production world from the ecology point of view. The solution is to take
into account the ecological criteria in the process from the raw material selection of
the textile product to the finished product. In other words, textile designs to be real-
ized and the raw materials of these designs should be sustainable. Therefore, the use
of sustainable natural fibers in the textile industry is increasing day by day. One of
these is raffia palm fibers. Raffia fibers stand out because of their important perfor-
mance characteristics and natural, renewable, sustainable, biodegradable, and envi-
ronmental identity, and raffia fibers can be found in many different kinds of
applications. Frankly, raffia palm plant is considered as a multifunctional plant due
to its different usage areas. Generally, it is a plant used in food, cosmetics, medicine,
and agricultural fields. It also has been traditionally used in the textile industry for
many years. Since it is sustainable and renewable, it is becoming an alternative raw
material in textile and different industries. Indeed, many different designed products
can be generated from raffia palm fibers. For instance, many different designed
products such as clothing (garment, dresses, shirts, ceremonial skirts, costumes,
velvet tribute cloths, headdresses, cloaks, etc.), upholstery fabrics, blankets, carpets,
mats, ropes, belts, hats, decoration products, baskets and basketry products, bags,
shoes, women’s accessories and jewelry, masks, knitted furniture, ornamental mate-
rials, art objects, rods, support beams and concrete reinforcement in the construc-
tion sector, ceiling panels and roofing sheets, geotextiles, and composites for
different aims can be produced from raffia palm fibers. In this chapter, the structure,
properties, production methods, and end use applications and designs of the raffia
palm fibers are examined in detail.
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Introduction

The problems created by our habits of settlement and consumption are one of the
common problems of the whole world. Global warming, environmental pollution,
tabescent living spaces, and unhealthy societies are the most important problems of
our time. The solution to all these problems is sustainability. Sustainability is not to
harm people and the environment while ensuring social and economic development.
Sustainability is to establish the balance between man and nature. Sustainability is
to program the life and development of the future. In other words, sustainability
aims to transfer natural resources to future generations. There is an increase in pro-
duction and consumption with the increasing world population in the textile sector.
Therefore, the use of recyclable natural raw materials is important for sustainability.
With the help of developing technology and increasing environmental awareness,
the use of natural, environmentally friendly, and recyclable plant-derived fibers is
important not only for the textile industry but also for many different industries
(Elenga et al. 2009; Chukwudi et al. 2015; Kocak et al. 2015; Fadele et al. 2017).
Increased environmental pollution through the use of synthetic fibers increases
awareness and increases interest in natural fibers, which are renewable, biodegrad-
able resources (Elenga et al. 2009; Chukwudi et al. 2015; Dhas and Pradeep 2017;
Kocak et al. 2015; Fadele et al. 2017). Particularly with the preference of natural
fibers in composite structures, it is common to use flax, hemp, jute, kenaf, sisal,
pineapple leaf, banana, abaca, raffia palm fibers, and many other plant fibers in
fiber-reinforced composite structures (Elenga et al. 2009, 2013; Chukwudi et al.
2015; Anike et al. 2014; Johnson 2011; Obasi 2013; Dhas and Pradeep 2017,
Rodrigue et al. 2017). Besides being environmentally friendly and renewable, being
available in abundance and cheap and low density is another reason that increases
the interest in the preference of plant fibers as reinforcing materials in composite
structures (Chukwudi et al. 2015; Anike et al. 2014; Obasi 2013; Dhas and Pradeep
2017; Rodrigue et al. 2017; Kocak et al. 2015; Fadele et al. 2017).

Raffia fibers stand out because of their important performance characteristics and
natural, renewable, sustainable, biodegradable, and environmental identity, and
plant-derived raffia palm fibers can be found in many different kinds of applications.
Therefore, in this chapter, it is aimed to draw attention to raffia palm fiber which is
plant-derived sustainable and natural leaf fiber. Raffia palm is a species of plant
belonging to the Palmae or Arecaceae family (Sikame Tagne et al. 2014). Therefore,
it is similar to palm plant. The raffia palm which is used in textile is also used as a
traditional beverage and edible oil in food sector. Also, it can be utilized for different
usage types such as medication, cosmetic oil, building material, and broom and
paper production. Therefore, raffia palm plant is in the category of multifunctional
plants (Elenga et al. 2009, 2013; Johnson 2011; Akpabio et al. 2012; Abu et al.
2016). Raffia palm, which is mostly grown in Africa, has about 28 different species
(Abu et al. 2016; Mert 2011). Raffia palm species used for textile purposes are
known as Raphia farinifera, Raphia hookeri, Raphia vinifera, Raphia textilis, and
Raphia taedigera (Mert 2011; Rodrigue et al. 2017; Fadele et al. 2017; Yazicioglu
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1999). These raffia palm species, which are cultivated in the same regions, are
mostly grown in Central and West Africa, India, Singapore, Cameroon, Gabon,
Congo, Cambodia, Nigeria, and Madagascar (Akpabio et al. 2012; Mert 2011; Wake
2006; Wiriadinata and Sari 2010; Odera et al. 2015; Musset 1933). Generally two
types of fiber, piassava and raffia, are obtained from these raffia palm types used in
the textile industry (Mert 2011; Raffia fibre 2019; Sikame Tagne et al. 2014). Raffia
palm fibers are obtained from different parts of the raffia palm plant. Therefore,
fibers obtained from the raffia palm species are named with different names (Mert
2011; Raffia fibre 2019; Sikame Tagne et al. 2014). Raffia fibers are obtained from
the leaves of raffia palm species, while piassava fibers are obtained from the stems
of the Raphia hookeri species, in particular, and thus the piassava fibers obtained are
known to be coarser than raffia fibers (Akpabio et al. 2012; Mert 2011; Raffia fibre
2019; Sikame Tagne et al. 2014). Raffia palm fibers also attract attention with their
elastic structure, break resistance, and easy dyeability (Mert 2011). Many different
designed products can be generated from raffia palm fibers. In this chapter, the struc-
ture, properties, production methods, and end use applications and designs of the
raffia palm fibers are examined in detail.

In this chapter, firstly, brief preliminary information about raffia palm plants and
their cultivation is given. Then, the methods of obtaining fiber from raffia palm plant
were classified. The physical and chemical structure and physical, chemical, and
mechanical properties of the obtained fibers are reviewed in detail. Finally, different
applications areas and designs of biodegradable, sustainable, and natural raffia palm
fibers are examined in detail in order to raise awareness of this valuable fiber.

Raffia Palm Plant and Cultivation

Raffia is a type of palm with long leaves and large stems (Akpabio et al. 2012; Mert
2011; Raffia Palm 2017). Palm is the common name of the plants that grow in tropi-
cal regions that make up the palm tree family and have more than 200 genera whose
leaves are mostly collected at the top of the stem. Its scientific name is known as
Arecaceae (Sikame Tagne et al. 2014). The raffia palm plant is called monocarpic
because it yields fruit only once (Figs. 1 and 2) (Mert 2011; Wiriadinata and Sari
2010; Odera et al. 2015; Raffia Palm 2017). Raffia palm, grown in the tropical
regions of West and East Africa in Central and South America, is mostly produced
in Madagascar. Also, it is produced in Congo, Central Africa Gabon, Cameroon,
Nigeria, Guinea Bay, and Liberia (Akpabio et al. 2012; Mert 2011; Wake 2006;
Odera et al. 2015; Musset 1933; Sikame Tagne et al. 2014; Sandy and Bacon 2001;
Rodrigue et al. 2017; Fadele et al. 2017; Yazicioglu 1999). Although the length of
the raffia palm plant varies depending on the type of the raffia palm, it is generally
in the range of approximately 10-25 m (Odera et al. 2015; Musset 1933). For exam-
ple, plant lengths for some raffia palm species are as follows: Raphia farinifera,
Raphia hookeri, and Raphia vinifera species can be around 25, 10, and 13 m,
respectively (Mert 2011; Wiriadinata and Sari 2010). The leaves of the raffia palm
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Fig. 2 Raffia palm fibers

plant are quite large and consist of a large number of leaflets in the form of a feather
about 150-200 pieces linearly arranged individually and in a regular manner (Mert
2011; Wiriadinata and Sari 2010; Raffia 2002). Leaf length of the raffia palm can be
up to 15-25 m. Therefore, among the flowering plants, raffia palm is known as the
broadest-leaved plant (Mert 2011; Odera et al. 2015; Musset 1933; Raffia 2002).
Leaflets forming the leaves can be 1.5-1.8 m long and 4-5 cm wide (Fig. 1) (Mert
2011; Wiriadinata and Sari 2010; Musset 1933; Raffia 2002). The seeds of the raffia
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palm plant, which only bloom once, die after ripening (Odera et al. 2015; Musset
1933). Plant stalks die after the fruits are finished, but plant roots remain alive and
produce new stems (Odera et al. 2015; Musset 1933).

The blooms of the raffia palm can be droop between the leaves or dense and clus-
tered on the leaves (Mert 201 1; Wake 2006). The type and cultivation conditions of the
raffia plant affect the time from planting to flowering and fruiting (Mert 2011;
Wiriadinata and Sari 2010). Raphia vinifera species need 8 years after planting for
blooms. This period ranges from 3 to 7 years for Raphia hookeri (Mert2011; Wiriadinata
and Sari 2010; Tuan et al. 1985). Raphia farinifera, which is grown in Madagascar,
blooms in 20-25 years and its fruits ripening takes 3—6 years (Mert 2011; Wiriadinata
and Sari 2010; Tuan et al. 1985). Fruits of raffia palms are cylindrical-ellipsoid in shape,
brown in color, covered with scales, single seed, and have a hard core structure (Mert
2011; Wake 2006; Wiriadinata and Sari 2010). The fruits of some raffia palm species
can be edible (Johnson 2011; Wake 2006). Reproduction of raffia palm is usually pro-
vided by seed. Mostly grown in tropical rainforests, Savannah riverbanks, freshwater
swamps, and wetlands, the raffia palm is very sensitive to salty soil conditions (Johnson
2011; Mert 2011; Wake 2006). According to research made by Otedoh, 18 raffia palm
species living in the swamp were found (Johnson 2011; Wake 2006; Musset 1933;
Otedoh 1982). Today, it is known that there are about 20 species of raffia palm, espe-
cially in Madagascar (Johnson 2011; Mert 2011; Wake 2006; Odera et al. 2015; Sikame
Tagne et al. 2014; Raffia Palm 2017; Raffia 2002; Dransfield et al. 2008). According to
paleoecological studies, it was suggested that a type of raffia palm was found in
2800 BC, and it is known that it was the first seen in Nigeria in the eleventh century AD
(Mert 2011; Wake 2006). The international trade of the raffia palm is mainly carried out
by Madagascar (Eicher 2001). In the 1950s, Madagascar exported 5000 tons of raffia
fibers every year. In the 1980s and 1990s, the average annual export figure of raffia
fibers was 2000 tons. Today, it is known that between 8000 and 10,000 tons are exported
every year (Eicher 2001).

Raffia Palm Fiber Production Methods

Raffia palm fibers, commonly known as leaf fibers, are of two types, raffia and pias-
sava (Johnson 2011). Raffia fibers are known as soft and durable fibers obtained
from the leaves of Raphia farinifera, Raphia hookeri, and Raphia vinifera species.
Piassava fibers are known as coarser fibers obtained from the leaf sheath and stems
of the Raphia hookeri species (Mert 2011). The leaves of the raffia palm are mainly
composed of thin-walled cells, vascular tissue strands, and longitudinally extending
fibers (Mert 2011; Sandy and Bacon 2001). Its surfaces consist of epidermis and
there is hypodermis underneath (Mert 2011; Sandy and Bacon 2001; Tomlinson
1961; Picton and Mack 1980). The hypodermis is composed of a plurality of fibers
placed on the long axis of the parallel leaflets, and the upper hypodermis has more
fibers. The upper surfaces of raffia leaves are generally used to obtain fibers (Mert
2011; Sandy and Bacon 2001; Tomlinson 1961; Picton and Mack 1980). Mechanical
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fiber extraction methods or retting methods are generally preferred in order to sepa-
rate the raffia palm leaves from the woody structure or epidermis layer, to obtain
usable and dyeable textile fibers (Abu et al. 2016; Mert 2011).

Production of Raffia Palm Fibers with Mechanical Methods

In this method, machines are generally used to extract the fibers. Moreover, differ-
ent kinds of knives and manual stripping also can be utilized to extract the fibers as
a kind of primitive method. The upper parts of the young leaves of the raffia palm
plant are cut, and the raffia fibers are manually removed from the cut opening manu-
ally or with the aid of a knife (Elenga et al. 2013; Mert 2011). The extracted fibers
have a strip-shaped appearance of 1-2 m long and 2-3 cm wide (Elenga et al. 2013;
Mert 2011). The ribbon-shaped raffia fibers are tied at one end for drying at room
temperature (25 °C). The fibers obtained are 15 pm thick and exhibit mostly creamy
and yellowish color tones (Elenga et al. 2013; Mert 2011).

Leaf shells of Raphia hookeri-type raffia palm, where coarser fibers are obtained,
are broken into pieces, and fibers are extracted quickly and efficiently with the help
of these machines which can provide high pressure with crushing cylinders and
blunt blades called decorticators or raspadors (Mert 2009). Although the energy
consumption is high, the process time is short and the obtained fiber quality is high.
Therefore, preferableness of raffia palm fiber production method with these kinds of
machinery is increasing. However, in the most African countries, the fine fiber
obtained from the leaflets of the raffia palm plant can still be produced by manual
stripping (Mert 2009).

Production of Raffia Palm Fibers with Retting Method

Piassava fibers obtained from the leaf sheaths and stems of the Raphia hookeri
plant, a type of raffia palm, can be obtained with the machines as well as with the
conventional method of retting (Mert 2011). The leaf stalks of the Raphia hookeri-
type raffia palm are divided into 3—4 pieces for the retting process, and it is ensured
that the retting process is carried out in bunches in dew and pond or with chemicals.
This process can take from a few weeks to 2-3 months. The fibers obtained in red-
dish and brownish tones are dried under the sun for a few days (Abu et al. 2016;
Mert 2011). In dew retting method, plant leaves and sheaths are laid on the soil,
fields. The laid leaves are kept in dew for fermentation. Thus, it is provided that the
cellulosic structure on the fiber is removed from the fiber by soil fungi. The process-
ing time in this method ranges from 4 to 6 weeks (Mert 2009). In the method of
water retting, leaves prepared in bunches are kept for 14-28 days at the sides of the
water, pools or rivers. Cellulosic substances on the leaves are removed by anaerobic
and pectinolytic bacteria (Mert 2009). Raphia hookeri-type raffia palm leaf bundles
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are kept for 2-3 weeks in a still swamp pond on the shore of Homonica, and at the
end of the process, reddish fibers are obtained (Chukwudi et al. 2015; Abu et al.
2016; Dhas and Pradeep 2017). The resulting fibers should not be exposed to direct
sunlight. It is therefore dried in semi-shaded areas or at room temperature. The
length of the fibers obtained varies between 400 and 1200 mm and the fiber diameter
is 0.70 mm (Abu et al. 2016; Dhas and Pradeep 2017). In the chemical retting
method, raffia palm leaves are softened with boiling acid or alkali in high pressure.
The most commonly used alkali in this process is sodium hydroxide (NaOH)
(Chukwudi et al. 2015; Mert 2009). In addition, the processing time is quite short in
this method, which is an expensive method (Mert 2009). The quality, color, and
physical and mechanical properties of raffia palm fibers may vary depending on
production differences, growth conditions, harvesting time, and processing type for
the fiber (Fig. 2) (Elenga et al. 2009; Mert 2011).

Gum Removal in Raffia Palm Fibers

The degumming method is a process which is applied after the raffia palm fibers are
obtained by retting or mechanical methods. The degumming process is applied to
the fibers in order to remove the gum substances remaining on the fiber bundles
obtained. The fibers are treated with hot soap or alkali solution for this process. The
nonremovable impurities on the fiber surface make the subsequent use of the fibers
difficult, especially preventing the interfacial adhesion in the composite structures
(Ganan and Mondragon 2004; Hetal et al. 2012; Alvarez et al. 2003; Nekkaa et al.
2008; Beg and Pickering 2004; Jihn et al. 2002). Although the presence of wax, oil,
and impurities on the raffia palm fibers forms a protective layer on the fiber surface,
it causes poor bonding with the polymer when not removed for composite applica-
tions. On the other hand, the alkali-treated fibers display a much cleaner surface
although they are more rough when touched (Hetal et al. 2012; Alvarez et al. 2003;
Fadele et al. 2017).

Thus, the morphological and chemical structure of the raffia palm fibers is
changed, and impurities that block interface adhesion with the polymer are removed
from the fiber. It also forms less hydroxyl groups (Beg and Pickering 2004; Jihn
et al. 2002; Fadele et al. 2017).

Gum removal by treating the raffia fibers with NaOH is mentioned above (Xiao
et al. 2011). But nowadays, ecological methods have gained importance with the
increasing environmental concerns. Therefore, the use of enzymes in the degum-
ming process is also increasing. Enzymes can be used also in the degumming pro-
cess of raffia fibers. The use of enzymes in the degumming process is ecological.
Thanks to this process, the natural properties of raffia fibers are preserved and more
valuable fibers are obtained. Recently, new enzymes have also been produced for
new applications. Biodegradable enzymes have replaced chemical substances in the
degumming process. Pectinase enzymes are the most commonly used enzymes for
degumming from raffia fibers. This process is carried out at 45-60 °C. The pectins
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in the structure of treated (for 1 h) raffia fibers are broken down and removed.
Enzymes are powerful biocatalysts that accelerate reactions. Thus, degumming with
enzymes is carried out under more mild conditions. Thus, thanks to the degumming
process with enzymes for raffia palm fibers, significant energy savings and easier
reaction controls can be acquired leading to more economical, sustainable, environ-
mentally friendly, and better quality production (Xiao et al. 2011).

Physical and Chemical Structure of Raffia Palm Fibers

Raffia palm fibers generally consist of overlapping flat sheets, as opposed to other
plant fibers with luminal cylindrical and cut shapes (Elenga et al. 2009; Baley 2002).
The structure of the upper surface of the raffia fibers is formed by the parallel fibrils
adhering to each other in the longitudinal direction (Elenga et al. 2009; Sandy and
Bacon 2001). It was reported that the average width of these fibrils is 10 pm and the
average thickness is approximately 5 pm. These fibers, which have a smooth struc-
ture, consist of a structure similar to pula or tile unlike other vegetable fibers (Elenga
et al. 2009, 2013). This tile-like structure which is 620 pm long covers the entire
width of the fibril. This morphological structure of raffia palm fibers makes it pos-
sible to use these fibers as relatively waterproof construction materials and as roof-
ing materials (Elenga et al. 2009). The lower surface of the fiber, i.e., the surface in
contact with the body of the leaflets, has a honeycomb-like structure (Elenga et al.
2009, 2013). It was reported in the literature that the diameter of the alveoli in the
honeycomb network is between 6 and 13 pm. It is separated by a wall approxi-
mately 0.5 pm thick (Elenga et al. 2009; d’ Almeida et al. 2006). These alveoli are
uneven in shape and size and show a random distribution in the volume of material.
These alveoli and tile-like scaly structures can act as mechanical bonding in com-
posite matrices. It also increases the willingness of the fibers to bond with the matrix
(Elenga et al. 2009).

Raffia palm fibers, which have a layered structure, displayed a tile-like layer
separated by a vertical thin interface aligned with the longitudinal axis of the fiber
when examined under SEM microscope (Elenga et al. 2009). The longitudinal axis
of the raffia palm fiber is almost vertical (Elenga et al. 2009, 2013).

It was observed that the fibers were not round but longitudinal as a result of SEM
analysis of raffia palm fibers (Odera et al. 2015). At the same time, the surface mor-
phology of the fibers is very important for their use in composite materials (Odera
et al. 2015). The raffia palm fiber is a lignocellulosic fiber and is composed of cel-
lulose, hemicellulose, lignin, and pectin (Table 1). The cuticula contains mineral
substances, gum, and resinous, oily, and waxy substances. Cellulose, hemicellulose,
and pectins in the structure of raffia palm fibers add elasticity and bendability to the
fibers, while lignin in the fiber makes the fibers hard and brittle. The lignin in the
structure of the raffia palm is among the micelles of the cellulose structure in the
fiber (Mert 2009). The proportions of the chemical components of raffia palm fibers
are indicated in different amounts in different sources.
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The chemical components of raffia palm fibers are given as a 53.36% cellulose,
12.32% hemicellulose, and 23.78% as lignin in a performed study by Fadele,
Opeoluwa et al. (Fadele et al. 2017). Raffia palm fibers contain 54.4% cellulose,
14% moisture, 0.8% ash, and 28.6% lignin which were reported in another study
(Schuchardt et al. 1995). Accordingly, the excess lignin content in the structure of
raffia fibers supports the leaf and makes the fiber harder (Schuchardt et al. 1995).
Raffia palm fibers have elements, which confirm its organic nature, such as carbon
(C), hydrogen (H), and oxygen (O) (Odera et al. 2015). Raffia palm has carbon (C)
content greater than the amount of carbon present in a normal plant material
(Schuchardt et al. 1995). Total hydroxyl groups are about 14% of a normal plant
material (Schuchardt et al. 1995). The chemical components of raffia palm fibers
were compared with different cellulosic fibers and are shown in Table 1 (Elenga
et al. 2009; Schuchardt et al. 1995; Fadele et al. 2017). The chemical components of
raffia palm fibers were compared with other cellulosic fibers, and it was observed
that the crystalline index (51-64%) was higher than ramie (58%), close to cotton
(60%), but lower than sisal (71%), jute (71%), flax (80%), and hemp (88%) fibers
(Elenga et al. 2009).

Physical, Chemical, and Mechanical Properties of Raffia Palm
Fibers

The raffia palm fibers (51-64%), which have a high crystalline index, have very
good mechanical properties, strength, and hardness when compared to many other
natural fibers (Elenga et al. 2013). When the various physical and chemical proper-
ties of raffia palm fibers are examined, the raffia fibers exhibit around 500-660 MPa
tensile strength, 12.3-30 GPa starting modulus, and 2-4% elongation at break
(Table 2) (Elenga et al. 2009, 2013; Sandy and Bacon 2001). In the literature, the
crystalline size of raffia fibers is 9.6 nm and the cell wall density is 1.52 g/cm?
(Elenga et al. 2013; Sandy and Bacon 2001). The angle of its microfibril varies

Table 2 Properties of raffia palm fibers (Elenga et al. 2009, 2013; Sandy and Bacon 2001)

Tensile Initial
Density strength module Elongation at Crystallinity
(g/m?) (MPa) (GPa) break (%) index (%) References
- 527-660 26 - 51 Elenga et al.
(2013)
0.75 500 + 97 30 2-4 64 Elenga et al.
(2009)
500 12.3 - - Sandy and
Bacon (2001)
0.128— - 0.88-7.92 - - Rodrigue et al.
0.236 (2017)
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Table 3 Comparison of properties of raffia palm fibers with other fibers (Elenga et al. 2009, 2013;
Aizi and Harche 2015; Rodrigue et al. 2017)

Density (g/ | Tensile strength | Initial module | Elongation at Hygroscopic
Fiber type m?) (MPa) (GPa) break (%) (%)
Raffia palm | 0.75 500-660 26-36 2-4 -
Raffia - 500 12.3 4 -
farinifera
Raffia textilis | 0.75 148-660 28-36 2 -
Abaca 1.50 12-980 31.1-41 29-34 14
Banana 1.35 540-550 20 5-6 10-11
Cotton 1.60 300-590 5.5-12.6 3-10 8
Bamboo 0.8 220-1000 22.8 1.3 -
Flax 1.50 345-1035 27-39 2.7-3.2 8
Hemp 1.48 550-900 70 1.6 8-10
Sisal 1.41 511-635 9.4-22.0 2.0-2.5 11
Jute 1.3-1.46 | 393-800 13-26.5 1.5-1.8 12
Ramie 1.5 220-938 44-128 2-3.8 12-17
Pineapple 1.07-1.52 | 170-1627 6.21-82.5 1.6 11.8
Fiberglass 2.50-2.55 | 2000-3500 70.0-73 2.5-3 -
Aramid 1.38-1.47 | 3000-3150 63.0-67.0 3.3-3.7 -
Carbon 1.7-2.1 4000 230-240 1.4-1.8 -

between 29,81° and 48,65° (Rodrigue et al. 2017). Raphia farinifera and Raphia
textilis fibers, which are raffia palm species, were compared, and it was found that
both raffia palm fibers had the same breaking strength, but Raphia textilis-type raffia
palm fibers were stiffer and exhibit less flexibility. Changes in the mechanical prop-
erties of raffia palm fibers depend on the raffia palm species as well as on the pro-
duction methods (Elenga et al. 2009; Sandy and Bacon 2001).

When the mechanical properties of different fibers and raffia palm fibers are
compared, it is shown in Table 3 that the initial module of raffia palm fibers
(26-36 GPa) is three times higher than that of cotton fiber (5,5-12,6 GPa) and
slightly lower than that of the flax fiber (27-39 GPa) (Elenga et al. 2009, 2013; Aizi
and Harche 2015). This suggests that raffia textile fibers appear to be more flexible
than flax fibers but stiffer than cotton fibers (Elenga et al. 2009). In general, elonga-
tion at break of raffia palm fibers is known to be around 2-4% (Elenga et al. 2009).
Raffia fibers are similar to hemp, sisal, and ramie fibers in terms of elongation at
break (Elenga et al. 2009). Fiber density of raffia palm is generally known as 0.75 g/
m?. This value was lower than all other plant fibers in the literature (Elenga et al.
2009, 2013; Aizi and Harche 2015; Rodrigue et al. 2017). It is known that the den-
sity of raffia fibers is approximately half the density of abaca (1,50 g/m?®), flax
(1,50 g/m?3), and sisal (1,41 g/m?) fibers (Elenga et al. 2009, 2013; Aizi and Harche
2015; Rodrigue et al. 2017). This difference shows that the structure of raffia fibers
is different from that of other plant fibers and the mechanical properties of raffia
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palm fibers are generally superior to other plant fibers (Elenga et al. 2009, 2013;
Aizi and Harche 2015; Rodrigue et al. 2017). Raffia textile fiber is a potential rein-
forcing element for composites with its unusual structure and high mechanical
properties (Elenga et al. 2009).

Applications Areas of Raffia Palm Fibers

The contribution of sustainable raffia palm fibers to textile design is promising.
Since, first of all, raffia fibers are completely environmentally friendly due to the fact
that they are natural and can be re-evaluated in the production line by disassembling
the produced products and moreover waste raffia palm fiber materials that cannot be
used anywhere are biodegradable in nature (Y1ldirim and Ismal 2011). Raffia fibers
are therefore important fibers for sustainable development. The ecological aspect of
the design, which has an integral connection with technology and adds value to the
textile product, should also be evaluated. At this point, the most important task falls
to fashion designers. Today, shopping preferences are influenced by fashion trends.
If fashion shifts towards sustainable natural raw materials, interest in natural prod-
ucts and environmental awareness can spread beyond a small segment. Thus, more
raffia-like fibers can be used in the design. While environmental sensitivity of prod-
ucts in other sectors is the subject of advertisiment, unfortunately this sensitivity is
not yet fully available for the textile sector. However, with the widespread use of
raffia fibers and various natural raw materials, our world will be less polluted, people
can buy more ecofriendly products and natural products with high added value will
provide also economic development (Yildirim and ismal 2011). Natural raffia fibers
are flexible, strong and extremely durable and can be dyed easily. Therefore, raffia
fiber is a very popular material in crafts and high fashion (Abury 2018). For instance,
Madonna Kendona-Sowah uses raffia fibers to create beautiful and stylish designs
(Africa Fashion and Style 2014). Even, Madonna Kendona-Sowah has made Raffia
fibers as a main raw material used in her designs. In 2013, she established the Raffia
brand. It has proven that beautiful things can be designed from raffia fibers that are
rough and dry in the raw state (Africa Fashion and Style 2014). Furthermore,
Alexander McQueen, who gained fame in design, made products from raffia fibers
such as clothes, bags, shoes and hats (Cohan 2011). McQueen uses elegance and an
uncomfortable asymmetry in products designed from raffia fibers. What is more,
Gucci also designed an elegant blouse made of raffia fiber (Cohan 2011). Different
applications areas and designs of raffia palm fibers are examined below in more detail.

Raffia palm is one of the plants used in many tropical regions for the daily needs
of the population (Bussmann et al. 2015). Besides being economical, it is used in
different sectors due to its soft, flexible, and strong structure (Elenga et al. 2009,
2013; Johnson 2011; Odera et al. 2015; Fadele et al. 2017). Raffia palm fibers are
used in different fields such as food construction, cosmetics, and paper making
besides textile sector. So it is said to be among the multipurpose plant fibers (Elenga
et al. 2009, 2013; Johnson 2011; Odera et al. 2015). Especially in America, Raffia
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Fig. 4 Rug made from greige raffia fibers (on the left); Bag made from raffia fibers and colored
with natural dyes (on the right)

taedigera species are used in food sector and even consumed as food. In addition,
the raffia palm produced for oil and the fruit juices obtained by fermenting from the
raffia palm are of great importance (Elenga et al. 2009; Johnson 2011; Akpabio
et al. 2012; Wake 2006; Musset 1933; Balick 1989; Beck and Balick 1990; Haynes
and McLaughlin 2000). Raffia fibers are used in ropes, belts, baskets, bags, hats,
shoes, women’s accessories, knitted furniture, decorative products, ornamental
materials, and rods and support beams in the construction sector (Figs. 3 and 4)
(Elenga et al. 2009, 2013; Johnson 2011; Akpabio et al. 2012; Wake 2006; Fadele
et al. 2017).
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Fig. 5 Bell silhouette skirt made from greige raffia fibers (Giindogan et al. 2018)

Although the use of synthetic fabrics affects the use of different textile fibers such
as raffia, many designers in the fashion world today use straw-like natural raffia fibers
in many designs, such as dresses, shirts, shoes, hats, and bags (Fig. 5) (Fadele et al.
2017). A dress made of raffia fibers was designed for Alexander McQueen in Paris,
and raffia fiber was used for a stylish upper garment design for Gucci in Milan.
Interior designer Michael Smith also used raffia fibers in decoration products, car-
pets, and upholstery fabrics (Cohan 2011). Raffia palm fibers have traditionally been
used in African countries since the nineteenth and twentieth centuries. The use of
raffia fibers is frequently encountered, especially in complex garments, carpets
(Kasai Velvet), blankets, and art objects (Elenga et al. 2009). Today, the textile
museum of George Washington University exhibits the textile products of the Kuba
kingdom, which is one of the most outstanding and impressive work of African art.
There are ceremonial skirts, velvet tribute cloths, headdresses, and basketry products,
many of which are made from raffia palm fibers, in the museum. There are also more
than 140 objects of the nineteenth and twentieth centuries, including many private
collections (Weaving Abstraction: Kuba Textiles and the Woven Art of Central Africa
2011). In addition, the Horniman Museum, founded by Frederick Horniman, con-
tains many African artifacts collected over the last 100 years. Many of the African
objects in the collection are known to contain raffia fibers produced from the leaves
of the raffia palm trees (Sandy and Bacon 2001).

Raffia palm fibers, which are very popular on the shores of the Gulf of Guinea
and among some ethnic groups in Central Africa, are also used to make special
ceremonial garments (Fadele et al. 2017). At the same time, the Pende people, an
ethnic group in the South-West Democratic Republic of Congo, use masks, cos-
tumes, and dance clothing for traditional African folk festivals and Bapende cere-
mony with different animal figures made of raffia palm fibers (Fig. 6) (Haveaux
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Fig. 6 Mask made from raffia fibers (Wikimedia Commons 2019)

1954; Van De Ginste 1946; Pende People 2019; Tribal African Art, Pende (Bapende,
Phenbe, Pindi, Pinji) Democratic Republic of the Congo 2019; Fadele et al. 2017).
In addition, raffia fibers are also used to bind tree vaccines, especially in Europe.
Raffia fibers, which are widely used in textile and construction sectors, are also used
today in the production of bags, hats, and shoes and are also used in composites
such as other plant fibers, reinforcing concrete, panels, and geotextiles (Elenga et al.
2009; Odera et al. 2015; Musset 1933). Raffia palm fibers are used as reinforcing
materials in composite structures due to its low cost and low weight. Thanks to raf-
fia fiber, which is also used as a reinforcing material in cement mortar, composites
used in roofing sheets are produced economically, sustainable, safe, and long-lasting
environment-friendly building materials (Odera et al. 2015, 2011). Concrete, which
is frequently used as construction material, is a material which is strong in compres-
sion but weak in tensile strength. These weaknesses of concrete are improved by
using steel bars. However, due to their high cost, fibers, especially raffia palm fibers,
are used instead of steel bars (Abu et al. 2016; Salau and Sharu 2004). Concrete
becomes a homogeneous and isotropic material with the addition of raffia fibers to
concrete. Fibers used as reinforcements stop crack formation and crack propagation
and thus improve strength and ductility of materials (Abu et al. 2016; Wafa 1990).
In the literature, studies have been conducted to test the suitability of the use of
raffia palm fibers in composite structures in the construction sector, and the thermal
degradation behavior of raffia fibers has also been investigated. As a result of these
studies, it has been suggested that raffia palm fibers are a potential composite
reinforcing material and their thermal stability is improved by different methods
(Odera et al. 2015). In another study, the use of raffia palm fibers as concrete rein-
forcement was investigated, and it was concluded that raffia palm fibers increased
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the tensile strength and toughness modulus of concrete (Abu et al. 2016). In Nigeria,
the suitability of using raffia palm fibers as a ceiling panel in building design for the
tropical region was investigated in terms of the current economic situation, alterna-
tive structural and thermally suitable building materials, and thermal properties.
They concluded that the thermal properties of the raffia palm fibers were positively
compared with those of other good insulators and that, if used appropriately, raffia
palm fibers could be used as efficient ceiling panels for passive cooling building
design (Abu et al. 2016).

Conclusion

The life of all people depends on natural resources and these natural resources are
not infinite. At this stage, sustainability comes into play. Sustainability means creat-
ing a balance between nature and human. The creation of this balance is carried out,
thanks to people again. Textile sector is one of the most polluting sectors in the
world. Therefore, it is very important to use sustainable raw materials and produc-
tion methods in textile. Raffia palm fibers are environmentally friendly, biodegrad-
able, renewable, natural, and sustainable. Raffia palm fibers can be potentially used
in many industrial fields due to their high strength properties. Raffia palm fibers,
which date back to ancient centuries, are notable for being a preferred raw material
in the food and construction sectors besides textile industry. Although raffia fibers
are material that is used for almost all needs in these regions, which are better known
and cultivated in African countries where it is grown, it is becoming a preferred raw
material today especially in composite structures due to its superior performance
properties.

Indeed, raffia fibers stand out because of their important performance character-
istics and natural, renewable, sustainable, biodegradable, and environmental iden-
tity, and raffia fibers can be found in many different kinds of applications. Truthfully,
raffia palm plant is considered as a multifunctional plant due to its different usage
areas. Besides being economical, it is used in different sectors due to its soft, flexi-
ble, and strong structure. Raffia palm fibers can be used in different fields such as
food, construction, cosmetics, medicine, agricultural fields, and paper making apart
from textile sector. However, it has been traditionally used in the textile industry for
many years. Since it is sustainable and renewable, it is becoming an alternative raw
material in textile and different industries. Indeed, many different designed products
can be generated from raffia palm fibers. For instance, many different designed
products such as clothing (garment, dresses, shirts, ceremonial skirts, costumes,
velvet tribute cloths, headdresses, cloaks, etc.), upholstery fabrics, blankets, carpets,
mats, ropes, belts, hats, decoration products, baskets and basketry products, bags,
shoes, women’s accessories and jewelry, masks, knitted furniture, ornamental
materials, art objects, rods, support beams and concrete reinforcement in the con-
struction sector, ceiling panels and roofing sheets, geotextiles, and composites for
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different aims can be produced from raffia palm fibers. The use of plant fibers as
reinforcing materials for renewable composite materials is increasing with sustain-
able production becoming increasingly important. Indeed, raffia textile fiber is a
potential reinforcing element for composites with its unusual structure and high
mechanical properties.

Today, it is necessary to use recyclable, sustainable raw materials and production
techniques in order to reduce the damage caused by the textile sector to the world.
Therefore, it is very important to increase the awareness of the raffia palm fibers
which can be used in many different textile products and composites as well as in
other sectors such as food, construction, cosmetics, medicine, agricultural fields,
paper making, etc. and their different designed products in order to increase the
utilization and preference of this valuable fiber.

Raffia fibers are environmentally friendly and high-quality fibers that can be
used in all areas of textile. The choice of enzymatic methods for obtaining raffia
fibers provides high energy savings. In addition to being a natural fiber, this fiber has
a clean production technique. For this reason, it is in the form of a fiber sought by
large companies. Famous brands and designers such as Alexander McQueen and
Gucci used raffia fibers in their products. They proved with their aesthetic designs
that raffia fibers are not coarse fibers. Studies conducted in this sense show that raf-
fia fibers will be recognized by more designers and brands in the coming years and
their usage in different designs will become widespread. Raffia and raffia-like
fibers, natural fibers used in textile design applications, are predicted as a promising
solution for increased environmental problems. Raffia-like fibers can be expected to
replace nonbiodegradable synthetic fibers over the next few years.
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Abstract This chapter aims to provide insights for designers, researchers, and edu-
cators seeking innovative ways to practice redesign activities within sustainable
apparel design methods. The authors of the chapter present theoretical concepts for
upcycling and applications of redesigning practices using innovative technologies,
including laser etching and cutting, digital textile printing, and pattern digitizing
through virtual computer-aided design (CAD) methods. The researchers further dis-
cuss a sustainable redesign framework that highlights the use of CAD and sequen-
tially presents three design examples using (a) post-consumer textile waste (leather
and silk) by an engineering laser cutting technique, (b) post-industrial waste (denim)
by an engineering laser etching technique, and (c) post-consumer textile waste
(denim) by pattern digitizing and engineering digital textile printing techniques.
The presented redesign methods are sustainable as they reduce waste and increase
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Introduction

A number of designers regularly practice redesign activities in the textile and cloth-
ing industry as part of their practical growth and development. The process of rede-
sign adds value to discarded or used products and is associated with slow design in
efforts to save resources, one of the important steps in the upcycling process (Aakko
and Koskennurmi-Sivonen 2013). Currently, there are many innovative processes
for new upcycling in the textile and clothing industry. Charitable organizations and
small businesses are often the entities involved in remake activities where used
clothes are converted into new clothing (e.g., I: CO, Isla Urbana and Triarchy Atelier,
Goodwill, Brides for a Cause). Some apparel companies are also involved in the
redesign activities for their surplus stocks, allowing suppliers or volunteers (e.g.,
student interns) to retransform unsold items to new clothing products (e.g.,
Reformation, Fabscrap, TRMTAB). Various upcycling and redesigning initiatives
have been launched by leading clothing and textile brands (e.g., Patagonia, Nike) as
well as luxury fashion brands (e.g., Elvis & Kresse, Charlotte Bialas), and upcy-
cling workshops are supported throughout global attempts to achieve a more circu-
lar economy (e.g., Vaude supported by the German Federal Environmental
Foundation). In redesign process, collected garments, such as jeans, can be recon-
structed into children’s wear, and woven scraps can be converted into elasticized
sportswear by attaching strip of knitted clothes (Paras and Curteza 2018). Various
types of surface designs and modifications, such as print or embroidery, are often
incorporated into the designs to stimulate the interest of the user (Russell et al. 2010).

The role of designers and their creative practices in sustainable apparel design
process has grown significantly in popularity in recent years. In order to redesign,
repair, and recondition products to create something with added value, sufficient
technical and creativity skills are required. Due to growing attention on the redesign
process, an increasing number of designers have engaged in the redesign, and edu-
cators in the field of apparel design have developed curriculum to include upcycling
design projects for their students (Lee and DeLong 2018; Park 2014). However, it is
critical that designers and educators understand how redesigning differs from the
traditional design processes and how to effectively use current technology to
enhance the redesign process. Thus, this chapter aims to provide insights for design-
ers, researchers, and educators seeking innovative ways to practice redesign activi-
ties within sustainable apparel design methods. The authors of the chapter present
theoretical concepts for upcycling and applications of redesigning practices using
innovative technologies, including laser etching and cutting, digital textile printing,
and pattern digitizing through virtual computer-aided design (CAD) methods. The
researchers further discuss a sustainable redesign framework that highlights the use
of CAD and sequentially presents three design examples using (a) post-consumer
textile waste (leather and silk) by an engineering laser cutting technique, (b) post-
industrial waste (denim) by an engineering laser etching technique, and (c)
post-consumer textile waste (denim) by pattern digitizing and engineering digital
textile printing techniques. The presented redesign methods are sustainable as they
reduce waste and increase efficiency for surface design and garment construction
processes. The chapter concludes with some challenges of the redesigning process
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and suggestions of solutions for redesigning at micro and macro levels of the apparel
industry.

Background

Textile Waste: Redesign in Upcycling Process

The current ready-to-wear (RTW) clothing, specifically the fast fashion system,
makes cheap clothing available to the mass market and influences overconsumption
behavior by producing resulting post-consumer textile waste. Currently, more than
15 million tons of used textile waste is generated each year in the United States
alone, and about 10.46 million tons of this waste are sent to the landfill (Leblanc
2019). In terms of post-consumer textile waste, an average American throws away
approximately 80 pounds of used clothing per person per year. Some common con-
sumers’ clothing disposal reasons are wear/tear, poor fit, and decreased interest in
the fashion and boredom with the item (Laitala 2014). In addition, overproduction
of fabrics or damaged products in the manufacturing sector that never reach the
retail sector all contribute to the increasing textile waste (Williams 2011).

In order to consider ways to “reduce, reuse, or recycle in an effort to close the
loop” of the textile waste, the upcycling process has been strongly encouraged in
industry (Paras and Curteza 2018, p. 47). Upcycling is a mixture of upgrading and
recycling including both adding value to and reusing products (Glaveanu et al.
2016). Glaveanu et al. (2016) defined upcycling in the book of Creativity: A New
Vocabulary as “based on sustainable consumption” with the key notion to “revital-
ize old material by placing it into new constellations and by suggesting new ways of
using it while, at the same time, keeping its essence intact as a main value-adding
feature of the process” (p. 181). The concept of upcycling design is part of an effort
to implement sustainability practices as a way of turning waste into valued products
to protect and enrich the ecosystem (Delong, Alice Casto, Min & Goncu-Berk,
2017). In essence, the goal of upcycling is to prevent waste of potentially useful
materials, thereby reducing the consumption of new raw materials when creating
new products. The upcycling process creates higher value in a lower-value object by
giving new value to discarded materials, and it increases the longevity of a product
by redesigning the overall look.

Redesign could be considered an important step in the upcycling process. In the
current manufacturing system, redesigning an existing product is considered to be
relatively less important than manufacturing new products (Paras, Ekwall, Pal,
Curteza, Chen & Wang, 2018). Redesign is a strategy for creating a second-
generation product from existing unsold products or products in diminished demand.
The aim of the redesigning process is to enhance product durability and longevity,
as well as increase functional and aesthetic value of product, and is based on the
technique of patternmaking and draping. The degree of redesign can differ from
making minor changes to an overall transformation of the garment (Paras and
Curteza 2018). Examples of minor changes include adding decorative trim or print
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and surface design modifications, such as the addition of embroidery. The overall
transformation may even include completely changing the style or pattern of the
original garment classification such as changing pants to a scarf. The redesign pro-
cess is frequently a time-consuming process that requires critical analysis of the
available products for determining their overall transformation into a new product.

To appreciate the relevance of redesign, it is helpful to first understand the foun-
dation of design itself. In general, design can be defined as the process of creative
problem-solving (Koberg and Bagnall 1981) and involves a set of highly organized
procedures where various types of information are collected and synthesized into a
consistent concept and finally transferred into a visual format (Cho et al. 2010).
Specifically, apparel design involves the knowledge and arrangement of basic ele-
ments (i.e., line, color, shape, space, texture) and principles of design (i.e., propor-
tion, balance, rhythm, emphasis, harmony), an understanding of the history of
clothing, a knowledge of fibers and different fabrics, an understanding of body pro-
portions and body/style interactions, and, finally, an understanding of garment mak-
ing (Sumathi 2007; Keiser, Garner & Vandermar, 2017). For redesigning processes,
these key design aspects should be considered for formulating a cohesive design
aesthetic and function.

Despite the benefits of redesign, including an elongated product life and promo-
tion of sustainable consumption, there are some complications that accompany the
process. Paras and Curteza (2018) found that complex pattern and design, as well as
multiple sizes, fabric types, and colors, were challenges in the redesigning process.
However, the researchers suggest that solutions to these problems can be achieved
through craftsmanship and innovation. The following section of this chapter pres-
ents concepts and applications of CAD technologies for surface design and garment
construction to enhance the redesigning process.

Redesign Process and Framework

Thinking through a design planning is an iterative process, and, in general, design-
ers move back and forth between decision-making that is explicit and intuitive and
alternate between analysis and synthesis to develop effective designs (Watkins and
Dunne 2015). Thus, understanding the relationship between materials, ideas, and
systems is fundamental to comprehending the design process.

A three-step product development model by LaBat and Sokolowski (1999) can
be broadly applied to designed products in the apparel field and includes (1) prob-
lem definition and research, (2) creative exploration, and (3) implementation.
DeLong et al. (2017) suggest that the upcycling process can be performed during
the creative exploration stage listed by LaBat and Sokolowski (1999); this is a stage
that includes idea generation, conceptual design development, prototype
development, evaluation, and refinement of designs and decisions for making the
final product. Unlike typical design processes that start out with a combination of
ideation and sketching, the starting point for the upcycling process starts out with
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Fig. 1 A sustainable design framework: application of CAD and redesigning methods

the material. Similar to the concept of couture, a French term that means sewing and
refers to high-quality apparel produced in small quantities, a fabric-driven design
method is adopted by most of upcycling designers. Designers start their design pro-
cess by selecting and manipulating fabrics to achieve their design goals (Delong,
Alice Casto, Min & Goncu-Berk, 2017) and further make their design and construc-
tion decisions based on the yardage and pre-sewn construction limitations.
According to these guidelines, this chapter focuses on the redesigning process
within the exploration stage. As shown in Fig. 1, the process of redesigning can be
divided into four generic steps: (a) material collection, (b) extraction/conceptualiza-
tion, (c) CAD, and (d) redesign and creation of the final prototype. Redesigning
processes have constraints based on the materials collected in terms of their proper-
ties and sizes; this framework highlights a creative redesigning process that inte-
grates CAD to solve these constraints and develop unique garments with
added values.

The first step of the redesigning process is collection of materials, namely, textile
waste. This is critical and time-consuming compared to sourcing clean yardages of
fabric at a store. The waste sources can be collected from post-consumer waste and
post-industrial waste (Cassidy and Han 2017). Post-consumer waste includes worn-
out (or never worn) or vintage garments and accessories, and they may be collected
at charities and second-hand clothing or collected from friends and families. Post-
industrial waste includes fabrics and yarns, such as end-of-roll materials or scraps
from cutting and construction processes, and waste can be also collected at sur-
plus stocks.

Once materials for redesigning are collected, they need to be sorted to maximize
value that can be extracted out of the waste. According to Paras and Curteza (2018),
the materials can be first sorted as waste or as valuable and then categorized by type
and style to make this process more efficient. The authors further state that there are
challenges to properly collecting textile waste in the current industry, especially at
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a mass production level, and recommend that more locations exist for the purpose
of clothing and textile collection.

For the concept stage, the overall transformation of the collected materials into a
new product needs to be determined through careful analysis of the properties of
materials to ensure cohesion of the design properties and aesthetics. The challenge
is that there are variations in collected textile waste including variant sizes, patterns,
fabrics, and colors. In the concept stage, disassembly is conducted to examine mate-
rials such as the use of seam, stitch, lining, and trims, and each design component
can be identified for aesthetic or functional enhancement. An example of decon-
struction and sorting processes of a pair of jeans is shown in Fig. 2, where a post-
consumer waste of jeans has been sourced, cleaned, deconstructed, and analyzed,
and new patterns were arranged to explore minimum waste options.

For the CAD stage, a wide range of technologies in the current industry are avail-
able for enhancing the redesign process, thereby opening up a constantly expanding
range of design possibilities and creating a complex, multifaceted set of decision
points for designers. The applications of CAD tools allow for designers to explore
their designs in relatively easy, quick, inexpensive, and sustainable ways. The fol-
lowing section discusses four main CAD alternatives as current technological
advancements with potential for redesign: laser cutting and etching, digital textile
printing, and pattern digitizing for virtual prototyping.

Laser Etching and Cutting

Laser technology in textile manufacturing offers new opportunities for cutting, sur-
face adornment, and welding materials together. A laser is comprised of highly con-
centrated light energy that is funneled into a pinpoint (Nayak et al. 2008) and used
via digital technology in the cutting and decorating of textiles (Baker 2016).
Specifically, examples of surface treatment using a laser include hollowing out an
area of fabric, engraving the fabric, creating patterns, engraving buttons, and
embroidering fabric. Application of laser technology in apparel design emphasizes
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Fig. 2 Sorting and deconstruction processes of denim
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more creative thought, removing the communicative barrier between the laser and
designer (Goldsworthy 2009). The automated cutting method is now being used
across a broad spectrum of industries (Yusoff et al. 2010), and because of the current
affordability of laser cutters, apparel programs at universities have been implement-
ing lower power cutters in the learning curricula (Vilumsone-Nemes 2012).

Laser cutting allows for a more creative approach when redesigning textiles
since the laser cutters have vast capabilities in simulating desired aesthetics and
surface patterns through cutting and etching processes. Similarly, laser cutting has
created major advancements in movements toward sustainable design measures in
terms of preventative solutions for textile application from chemical use in industry.
Laser cutting applications can also be used in sustainable design formats such as
upcycling projects and utilizing recycled elements left over or cutouts from one
design use in another design. To apply this technique, raw edges of fabric are heated
so fibers do not fray as easily, as hand-cut methods and textiles may involve the fus-
ing of raw edges. Other key components to consider within sustainability are the use
of laser cutting technology in the development of “zero-waste” garments as well as
engineering applications to pattern cutting and CAD design programs (Trejo
et al. 2016).

In addition to cutting, lasers can also alter the surface and look of textiles through
etching or engraving. By altering the intensity of the laser pinpoint, designers may
modify the look of the etching from slight damage on the surface to complete incin-
eration of the textile fabric (Yuan et al. 2012). Fleece, suede, coated fabrics, and
denim are best for use when etching and applying surface effects (Baker 2016). The
testing of materials is important for achieving the desired aesthetic, as settings such
as power, speed, and frequency levels may need to be adjusted according to fabrica-
tion and product design (Baker 2016). Fortunately, designers with limited technol-
ogy skills can easily integrate laser cutting and etching tools into their redesign
practices, since they require only basic skills in Adobe Illustrator or 3D modeling
software. Figure 3 shows examples of patterns ranging from simple to complex that
were created using vector-based graphics software (Adobe Illustrator) for laser cut-
ting and laser etching. Using a Trotec Speedy 400 laser cutter, the applications of
these techniques on cotton denim and lycra swatches (16” x 16”) are shown in
Fig. 4. A list of laser cutting and etching applications on both natural fabrics (e.g.,
100% cotton satin and silk charmeuse) and man-made fabrics (e.g., polyester knit,
lycra, and velvet) is presented in Appendix.

Pattern Digitizing and Digital Patternmaking

Pattern digitizing is a way to transfer a paper pattern to computerized form and is
the patternmaker’s method of scanning. The digitizing system and method can sup-
port and facilitate more cost-effective designs. Digitizing systems focus on the
requirements of the apparel manufacturer, such as accurately generating paper
patterns and marketing patterns to maximize the usage of the fabric. A pattern digi-
tizing system is an effective tool for customizing and engineering prints or motifs
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Fig. 4 Examples of laser cutting and etching on cotton denim (left) and lycra (right)

onto garment patterns for digital textile printing and laser cutting technologies.
Especially for redesign, utilizing a digitizing system and CAD patternmaking can
help designers minimize fabric waste and efficiently arrange the new garment pat-
terns to fit existing deconstructed garment patterns.

Figures 5 and 6 show examples of how different pattern digitizing methods were
applied when redesigning old T-shirts. The sourced T-shirts were washed and dried
and carefully deconstructed along the sewing seams. The T-shirt pieces were then
ironed flat and pined on the paper to ensure accuracy for digitizing. As shown in
Fig. 5, flat patterns were created in Lectra Modaris software for a new design con-
cept that will be made out of the old T-shirts. The measurements of the used T-shirts
were also inserted and both Modaris flat patterns and digitized T-shirts patterns
were converted to Adobe Illustrator. As shown in Fig. 6, the new garment patterns
were arranged directly onto the digitized T-shirts patterns for the cutting lines. At
the end, the stitching lines of the final garment patterns and texts were removed, and
the outlines of the patterns were changed to the appropriate setting for laser cutting.
Next, the new garment pieces were laser cut accurately based on the engineered
patterns.

Figure 7 is an example of the results of utilizing existing garment seams to upcy-
cle a new jumpsuit, with the technique simultaneously eliminating the usage of
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Fig. 5 Garment flat patterns created in Lectra Modaris
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Fig. 6 New garment patterns (in white) engineered into digitized existing T-shirts patterns (in
gray) to ensure minimum waste

additional threads. The plus-size men’s jeans were deconstructed at the inner seams
and the seams from the waist to the hip line. The Modaris flat patterns were con-
verted into the Adobe Illustrator and placed on the digitized jeans patterns, and then
the designer used the existing outer seams of the jeans at the center of the pant as
structural decoration. Such digitizing systems can be executed using apparel pat-
ternmaking software like Lectra Modaris, Optitex, Browzwear, or Gerber AccuMark.
All of the three redesign examples presented later in this chapter include a pattern
digitizing process and describe how it can be utilized seamlessly throughout the
sustainable design process through methods that reduce waste of fabric and increase
efficiency.

Digital Textile Printing

Digital textile printing is another CAD application that can be integrated into the
redesign process, since it offers greater flexibility for designers to make visual state-
ments. Digital textile printing process works through use of the ink jet print system,
whereas conventional printing works using a wet process. The conventional method
consumes large amounts of dyes and water, which causes severe damage to the
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Fig.7 New garment patterns (small size) engineered into digitized existing garment patterns (big-
ger size) for utilizing seams

environment (Civil Engineering Research Foundation 1997). For digital textile
printing, various ink types (i.e., acid, disperse, reactive, pigment) are used to print
on cellulous and protein-based fibers as well as synthetic fibers. Both these fibers
and synthetic dyes, however, are detrimental to the environment because of textile
dye waste. The amount of synthetic dyes produced in the world is estimated to be
over 10,000 tons per year (Forgacs et al. 2004), and more than 700,000 tons of tex-
tile dyes are disposed to the ocean and rivers around the world (Bulut and Akar
2012; Fletcher 2006). The wastewater from synthetic dyes further contains a great
degree of harmful chemicals that affect the soil, underground water, and atmosphere
and lead to serious health issues for animals (Bulut and Akar 2012).

Digital textile printing, in the last decade, has made its way into the mass cus-
tomization market and is slowly replacing original screen-printing processes; with
this, the integration of print is becoming as vital to the designer’s vision as the form
of the garment. Fashion designers, such as Issey Miyake, Comme des Garcons, and
Alexander McQueen, have continued to utilize and adapt digital textile design for
powerful visual statements. This technique enables designers to create a repeat or
engineered print that can be merged with upcycled garments and fit pattern pieces
of a garment in a way that the design flows unbroken around the body. Some advan-
tages of using digital textile printing over traditional printing (e.g., screen-printing,
woodblock printing) include lessened impact on the environment, accelerated speed
translating the design onto the fabric, and the ability to print intricate details and
millions of colors.

The opportunities and advancements in digital textile printing likewise provide
tremendous and continuous improvements on the customizable products such as
home furnishings, apparel, accessories, and corporate promotional material (Bowles
and Issac 2012). Currently, 60% of digitally printed textiles are produced in the
developing countries such as Bangladesh, India, Indonesia, Pakistan, and Vietnam.
According to the UK-based market research firm Smithers Pira report on “The
Future of Digital Textile Printing to 2023,” digital textile printing remains one of the
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Fig. 8 Repeat (left) and engineered (right) prints using digital textile printing

fastest growing segments within the digital print ecosystem. There was $3.15 billion
in 2018 which was more than double its value in 2013. The volume of fabrics printed
digitally has risen from 1.40 to 2.42 billion m?. For 2023, the future commercial of
digital textile printing market is projected to increase to a total value of $5.46 billion
and grow to consume over 4.54 billion m? (The Future of Digital 2018).

Digital textile printing is controlled by the CAD design process. The textile pat-
terns are usually produced using creative software, such as Adobe Photoshop,
Adobe Ilustrator, Freehand, and Lectra Kaledo Print, and translated into a high-
resolution image file. The image a designer has created could also encompass
scanned, hand-painted artwork or photographs. Interactive functions, such as clean-
ing-up and defining the color contrast and brightness, adding filters and layers, com-
bining images, and rotating and repeating the patterns, are the basic requirements.
Repeat and engineered textile designs are two major surface design formats for digi-
tal textile printing. The amount of the colors and size of the repeats are not limited
in the digital textile printing, though the width of the fabric must be considered. The
first image in Fig. 8 is an example of a repeat print that was created based on two
nature scene photographs using Adobe Photoshop. The repeat print can be used as
garment panels or patch application to enhance redesign aesthetics.

Among the greatest advantages of using digital textile printing technology in
apparel design is its application of engineered print, which integrates a garment
form with “digitally manipulate surface imagery so that a printed design could be
engineered to match across the seamlines” (Parsons and Campbell 2004, p. 90). The
complexity of engineered designs must be aligned with the garment shape, as this
allows large expanses of cloth to be used for innovative textile designs (Parsons and
Campbell 2004). Figure 8 shows examples of engineered repeat prints that were
developed using digital textile printing. The garment patterns were digitized and
modified in the Lectra Modaris and converted into the Adobe Photoshop for engi-
neering the prints. The repeat prints were applied on the digital garment patterns. In
this representation, the prints were engineered to match across the shoulder seams.
A single image can also be digitally developed and printed for garment patch appli-
cation to enhance design aesthetics.
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Following the redesign process and framework discussed in section “Redesign
Process and Framework”, three redesign examples using mainly upcycled leather,
silk, and denim are presented in the next section. Each stage of the redesign frame-
work (material collection, extraction/ concept, and CAD) is discussed with applica-
tions of laser cutting, laser etching, pattern digitizing, and digital textile printing in
each redesign process.

Design Example 1
Material Collection, Extraction, and Concept

The objective of this design was to create women’s couture two-piece suits from
post-consumer waste and incorporate a laser cutting technique. The designers
collected two second-hand, black leather jackets and a total of 16 worn-out men’s
silk neckties displaying a variety of prints. Two second-hand, women’s leather
jackets were disassembled along the constructional seam lines (i.e., along arm
holes and side seams) to explore potential design strategies to use during rede-
sign. The sleeves were disassembled along with the arm holes and the inner
seam lines.

Once the materials were collected, designers defined inspiration of the design
based on the aesthetics of the collected garments. Black leather jackets and ties were
selected as main materials for the redesigned garment to represent the spirit of the
Gothic Period. Thus, the initial inspiration of this apparel design was the aesthetics
of Gothic architecture in the sixteenth century and expressed in the black and red
colors and the materials of the garments; the collected ties contained geometric
shape patterns with a majority of them being dark and red tones.

Black is the main color of the Gothic/Goth, which is a modern subculture that first
became popular during the early 1980s within the Gothic rock scene (Eckart 2005).
The purpose of including the red color on the men’s neckties was to represent the
Gothic theme, a representation of blood and roses related to life, death, despair, and
passion that was prevalent during this era (Eckart 2005). As shown in Fig. 9, the
placement of the laser cut patterns on the sleeves represented the flying buttress on
the Notre Dame de Paris. The men’s neckties on the wearer’s right center front repre-
sented the pointed roofs, a common of Gothic architecture. The curve of the neckline
on the wearer’s left was inspired by the Pointed Arch in the ribs of Notre Dame
Cathedral. Finally, the fitted waist and the peplum hem of the jacket was inspired by
the silhouette of the women’s dress during the Gothic period in sixteenth century
in Europe.
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Fig. 9 A redesign process using post-consumer waste (leather jacket and silk ties)

CAD Application

The pattern of a rose window in Gothic architecture was the inspiration for the laser
cutting pattern. The Rose Window patterns (pointed arch and flowers) were created
in Adobe Illustrator. The sleeves and the wearer’s left side hem were strategically
placed and digitized through OptiTex PDS to ensure minimal waste and ideal fit on
the body, and the two sleeves and hem panel were laser cut using Trotec Speedy
400. The 16 men’s neckties were deconstructed using a piecing method, then the
fabrics from three men’s neckties were used on the jacket, and the narrow tails of 15
men’s neckties were hand stitched and attached with the edge of the center front.
The pencil skirt was completely created from the fashion fabrics of five decon-
structed men’s neckties.

Design Example 2
Material Collection, Extraction, and Concept

The objective of this design was to create a two-piece denim garment using post-
industrial waste and incorporating the laser etching technique. The denim was col-
lected from post-industrial waste and used end-of-roll scraps from a local textile
retailer company. A total of three yards of denim was sourced and then was machine-
washed in cold water and dried. Finally, the entire area of the fabric was hand-
ironed so laser etching could be consistently applied on a clean surface.

The concept of the design was to use fashion as a medium to actively and cre-
atively raise awareness and engage in the global environmental crisis, since dress is
a powerful communication tool (Kaiser 2012). Specifically, this design was inspired
by the cover image of an issue of the National Geographic, June 2018 edition. The
cover image shows an iceberg-resembling a plastic bag partially submerged in the
ocean and was photographed by artist Jorge Gamboa. The image was accompanied
by the text, “PLANET OR PLASTIC? 18 billion pounds of plastic ends up in the
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ocean each year. And that’s just the tip of the iceberg” (Gamboa 2018, p. 1). At first
glance, the image appears to be an iceberg but instead depicts a plastic bag littering
a pristine ocean, a powerful and proactive image part of a campaign issued to reduce
global reliance on single-use plastics.

CAD Application

Inspired by this initiative, the image of an iceberg-resembling plastic bag was cre-
ated by free-form sketching using a digital graphic drawing tablet. This image was
converted from Al to DXF file format for laser engraving due to the laser engrav-
ing’s sustainable design measure to prevent use of chemicals, such as those incorpo-
rated in industry’s textile application. By altering the intensity of the laser pinpoint,
the intended look of the engraved product, from slight damage on the surface to
complete incineration of the textile fabric, can be achieved. This sustainable ele-
ment of surface design, in combination with the efficiency and speed in design,
makes the laser etching application a viable design option. Along with the plastic
bag image, a geometric border portraying layers of the ocean floor with the written
text phrase “fast fashion” was also developed (Fig. 10). These images were engi-
neered into four panels and laser etched on 100% cotton denim. By adjusting the
power levels of the laser beam, laser etching was performed to decorate the denim
surface to create powerful visual effects. This visual statement of an iceberg and a
plastic bag captures audience’s attention and creatively raises awareness of the
global environmental crisis.

The final design includes a two-piece dress with a sleeveless A-line top and an
adjustable elastic skirt (Fig. 11). The top has two side panels with honeycomb
smocking, a technique that involves creating a series of pleats and then stitching
these pleats together at certain points in order to create diamond design repeats. This
method allows the fabric to shrink and expand without elastic, and the addition of
the honeycomb smocking to the side panels gives flexible ease and comfort to the
wearer. The waist of the skirt has a 3%4” wide adjustable knit buttonhole elastic band
that can fit a wide range of waist sizes (sizes 4—14). It is inserted inside of the waist
band with two button holes attached so the size can be easily adjusted with a
clean finish.

Fig. 10 Laser etching process on denim
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Fig. 11 The final design: planet or plastic? Etching a global environmental crisis

Design Example 3
Material Collection, Extraction, and Concept

The objective of this design was to create a women’s streetwear jacket from post-
consumer waste and incorporate digitizing and digital textile printing methods. The
design process also included combining traditional design techniques, such as hand
painting and hand embroidering, with CAD methods. The designer collected three
thrifted men’s jeans that were made of 100% cotton to create a women’s jacket.
Three jeans were machine-washed and dried and were disassembled at the inner
seams only. This design was inspired by Roksanda Resort 2015 Collection, a British
fashion brand, and contemporary pop art aesthetics from Andy Warhol’s Marilyn
Monroe’s artwork series. The new design features an oversized, but structural, sil-
houette with accent colors and prints to align with the design inspirations.

CAD Application

To undertake the pop art elements, the designer created a repeat print with the pop
art figure made from an Al application, Zepeto, which is evenly spread upon the
pointed-star background. Adobe Photoshop and Adobe Illustrator were used to cre-
ate the repeat print, and the pointed-star shape was created using Illustrator with a
stylized filter (Fig. 12). The figure portraits were placed on top of the single-pointed
star motif; after merging those layers, the print was developed into a 52" x 72"
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Fig. 12 Digital textile prints development and applications

repeat in Illustrator. The portrait artwork shown in Fig. 12 was originally hand
painted on canvas using colored tissue papers and was scanned into Photoshop to
modify the colors and scale to a smaller size. The textile designs were digitally
printed on a 100% cotton twill in order to match the texture.

The final garment includes an oversize jacket and a pleated mini skirt (Fig. 13).
The pop art printed fabric was placed as the lining of the collar, bodice, and hem of
the jacket for additional colors. The 8” x 11” printed portrait was placed at the back
of the jacket as patch work. As for the closure, the skirt includes an elastic waist-
band for easy wearability and a flexible fit, and the jacket includes six metal buttons
from the used jeans on the center front for a neat and professional finish. This play-
ful and artsy ensemble communicates the wearer’s personality and presents unique
redesign aesthetics while still representing the potential for sustainable methods
used and raising awareness of environmental issues.

Conclusions

This chapter provides useful solutions for understanding the redesign processes for
designers to rethink and enhance redesign processes using CAD and upcycle textile
waste into a new design solution. The redesign method is an important part of the
sustainable design process in the apparel industry and adds value to textile waste for
the generation of new clothing. As discussed in this chapter, the role of designers
and their creative practices in the redesigning process has been emphasized, since it
requires sufficient professional skills for patternmaking that minimize textile waste
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Fig. 13 A redesign process using patching and digital textile printing methods

and innovation for combining different materials. The application of CAD discussed
in this chapter enhances designers’ efforts to creatively explore the redesign process
with maximum technical and aesthetic solutions.

Both theoretical concepts of upcycling and applications of redesign practices
using CAD were discussed to yield insights to designers, researchers, and educators
who seek unique ways to practice redesign activities. The redesign framework
includes material collection, extraction/concept development, CAD, and redesign
prototype creation and contributes to a means for integrating innovative technolo-
gies and upcycling concepts into the contemporary apparel design process. The pro-
cesses for sourcing the inspirations and applying them to contemporary apparel
designs have demonstrated a unique way to utilize laser cutting and etching, pattern
digitizing, and digital textile printing to accomplish the textile designs that combine
the historical and cultural artistic inspirations. Laser cutting and etching techniques
provide alternatives to add intricate surface designs on various types of textile waste.
The pattern digitizing technique allows designers to engineer new garment pattern
pieces into second-hand garment patterns with minimal waste, as well as utilize
existing seams and stitches to maximize the use of existing materials. Integrating
digital textile printing also adds value to textile waste, since powerful visual state-
ments, like patches, can be flexibly incorporated into redesigned garments.

Upcycling is one of the most sustainable circular solutions in the waste hierarchy
in textile production. The value of redesign has been increased in the industry since
it requires little energy input and can eliminate the need for a new product (Ellen
Macarthur Foundation 2017; Szaky 2014). Strategies were also proposed to
strengthen the creative department and fashion design for small- and medium-sized
enterprises to gain competitive advantages in the redesign sector (Cuc and Tripa
2018). Efforts toward remake activities have been typically associated with slow or
couture design methods, but many upcycling solutions have been attempted in mass
production in recent years (Cassidy and Han 2017; Cuc and Tripa 2018). The rede-
sign system would furthermore generate a number of jobs, such as dealer, tailor,
mending, and washing, though there are still limitations and challenges the apparel
industry must overcome to ready the redesign process for mass production (Cassidy
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and Han 2017). A collection of large quantities of textile waste, along with resources
for sorting, deconstructing, and cutting, would not be readily available for the larger
manufacturers to adopt. Thus, redesigning processes that incorporate new technol-
ogy need to be promoted to make the textiles system more sustainable and contrib-
ute to a circular economy. Designers’ utilization and promotion of creative CAD
applications in their redesign practices will increase efficiency in both technical and

aesthetic design solutions in the industry.
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Applications of laser cutting and etching on natural and man-made fabrics

Laser cutting

Laser etching

Cellulous fibers

Cotton Denim P: 100 P: 100
(Blue) Vi1 V: 65
PPI: 4000 PPI: 1000
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Laser cutting

Laser etching
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Laser cutting Laser etching
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Note: P indicates power, V indicates speed, PPI indicates power per inches
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Bacteria Working to Create Sustainable
Textile Materials and Textile Colorants
Leading to Sustainable Textile Design

Fatma Filiz Yildirim, Arzu Yavas, and Ozan Avinc

Abstract Sustainable textile design without harming the environment nowadays is
one of the most important issues in the textile industry. Environmental concerns
lead various researchers and artists to find and explore the applicability of more
sustainable, renewable, and environment-friendly resources for fibers and colorants.
In here, bacteria can help us. Microbial (bacterial) cellulose is an organic compound
of the formula (C¢H,,0s), produced by certain types of bacteria. On the one hand,
the material produced by the advancements in the detection and synthesis methods
of bacterial cellulose, the resultant bacterial cellulose can be used in a wide range of
commercial applications comprising textile, medical, cosmetic, and food applica-
tions and products. From the textile point of view, apart from bacterial cellulose
production for textile substrates, bacteria can also be utilized for textile coloration.
Indeed, bacteria can also produce colored pigments. It is now possible to produce
some bacterial pigments for food, pharmaceutical, cosmetic, and textile applica-
tions. For instance, specific bacterial pigments can be used successfully as textile
colorants. Therefore, bacteria are now working for us to create sustainable textile
materials and textile colorants leading to more sustainable textile design. In this
chapter, information about sustainable bacterial cellulose for textile substrates and
sustainable bacterial pigments as sustainable textile colorants is given in detail.
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Introduction

Sustainable textile design without harming the environment nowadays is one of the
most important issues in the textile industry. Today, our clothes can be produced
using many natural or synthetic fibers. However, it is well known that the use of
water to produce plants such as cotton, where the water demand is increasing con-
siderably, can be quite high. On the other hand, it is a known fact that petroleum-
based fibers may not be produced due to the depletion of fossil fuels in the future.
These reasons lead various researchers and artists to find and explore the applicabil-
ity of more sustainable, renewable, and environment-friendly resources for fibers
and dyes.

Microbial (bacterial) cellulose is an organic compound of the formula (C¢H,(,Os),
produced by certain types of bacteria. Cellulose is the basic structural material of
many plant substances but is also produced by bacteria from the genera Acerobacter,
Sarcina ventriculi, and Agrobacterium. Bacterial or microbial cellulose exhibits dif-
ferent characteristics than vegetable-plant-based cellulose. These properties can be
characterized as high purity, strength, moldability, and increased water retention.
While bacterial cellulose can be produced in nature, a wide variety of methods are
currently under investigation to increase cellulose growth from suitable cultures in
laboratories for larger-scale commercial production. By effective control of the
methods and conditions, it is stated that microbial celluloses with the desired spe-
cific properties can be developed. Therefore, nowadays, bacterial cellulose can be
utilized in a wide variety of commercial applications such as textile, medical, cos-
metic, and food applications and products with the material produced by the
advancements in the detection and synthesis methods of bacterial cellulose.

The first discovery of bacterial cellulose was made in 1886 by A.J Brown (by
Acetobacter xylinum bacteria). However, no intensive studies have been conducted
on bacterial cellulose until the twentieth century. Later, other researchers have
reported the formation of cellulose from other various organisms (such as
Acetobacter pasteurianum, Acetobacter rancens, Sarcina ventriculi, and Bacterium
xylinoides bacteria). In 1949, the microfibril structure of bacterial cellulose was
characterized by Muhlethaler. Today, studies on bacterial cellulose continue in an
increasing trend. Many researchers and artists began to look for alternative materi-
als to cotton fiber. BioCouture is one of these alternatives. It is a radical project that
expands the vision of the future, using nature, and is an idea from Suzan Lee’s
Fashioning the Future: Tomorrows Wardrobe. The project team examined the
usability of microbial cellulose growing in the laboratory to produce clothing. The
aim of the team was to grow microbial cellulose to form a complete garment on a
liquid boat and to create the targeted textile garment in this way.

Additionally, interest and search in natural dye alternatives increases in textile
applications due to the fact that synthetic dyes can be toxic to humans and nature,
and also too much water is used in the conventional dyeing processes. However, due
to some disadvantages about extraction difficulty of natural dyes from plants and
the need for large cultivation areas for mass commercial productions, the utilization
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of microorganisms as a source of dyes and pigments comes on the agenda, and
researches have been conducted on microbial dyes. In the industry, it is now possi-
ble to produce some bacterial pigments for food, pharmaceutical, cosmetic, and
textile applications. Frankly, from the textile point of view, apart from bacterial cel-
lulose production for textile substrates, bacteria can also be used for textile color-
ation. Since bacteria can produce colored pigments. Pigment-producing bacteria
can produce many different colors from all colors of the rainbow to unusual colors
such as black, white, brown, gold, silver, fluorescent green, yolk, or blue. Red and
purple pigments (known as prodigiosin and violacein, respectively) were applied to
different fabrics such as acrylic, silk, cotton, polyester, and polyester microfibers.
All pigments were found to have high staining and dyeing ability on fabrics. All
these findings indicate that specific pigments can be utilized successfully as textile
colorants. New type of safe and effective natural dyes and pigments can be used
potentially instead of harmful conventional synthetic dyes.

Therefore, bacteria are now working for us to create sustainable textile materials
and textile colorants leading to sustainable textile design. In this review chapter,
information regarding sustainable bacterial cellulose for textile substrates and bac-
terial pigments as sustainable textile colorants is given in detail. In the first part of
this chapter, bacterial cellulose, its history, and bacterial pigments are introduced. In
the second part of the chapter, extended information about bacterial cellulose and its
interesting application areas are given. Finally, in the third part, coloration with
bacterial pigments is examined.

Bacterial Cellulose and Its Application Areas

In the production stages of many natural or synthetic fiber-based textile materials,
massive amount of water is used. However, it is an important fact that oil-based
fibers will be eventually depleted as a result of depletion of fossil fuels. These rea-
sons lead various researchers and artists to search more sustainable, renewable, and
environment-friendly resources for tomorrows’ textiles (Biocuture 2014). Suzan
Lee, one of these researchers, established BioCouture when she began to look for
alternative materials to cotton fiber (Biocuture 2014). BioCouture is a radical
research project that uses nature and sheds light on the vision of the future fashion
and is an idea from Suzan Lee’s book Fashioning the Future: Tomorrow’s Wardrobe
(Biocuture 2014; Growing Your Own Fabric is Possible 2014). The project team
examined the usability of microbial cellulose growing in the laboratory to produce
garments (Biocuture 2014). As aforementioned, the material produced by the
advancements in the detection and synthesis methods of bacterial cellulose, the
resultant bacterial cellulose could be utilized in a wide range of commercial appli-
cations comprising textile, medical applications, cosmetics, and food products.
Cellulose is one of the most common polymers in the world (Giizel and Akpinar
2018). Although cellulose of formula (C¢H;(Os), is the basic structural material of many
plant materials, it can also be produced by Komagataeibacter, Gluconacetobacter,
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Acetobacter, Agrobacterium, Aerobacter, Achromobacter, Alcaligenes, Azotobacter,
Pseudomonas, Rhizobium, and Sarcina (Glizel and Akpmar 2018; Wikipedia 2014;
Dursun et al. 2006; Tozluoglu et al. 2015; Costa et al. 2017). This type of cellulose is the
first product of bacterial metabolism and serves as a cell protector (Glizel and Akpinar
2018). Bacterial or microbial cellulose is distinguished from vegetable cellulose by its
properties such as high purity, strength, molding suitability, and increased water reten-
tion ability (Giizel and Akpinar 2018; Wikipedia 2014). Bacterial cellulose is about 100
times thinner and porous than vegetable cellulose (Fig. 1). During the synthesis of this
cellulose, glucose chains are secreted from the bacterial cell wall and nanofibril cellulose
strips are formed. The diameters of these strips were reported to be in the range of
10-100 nm (Giizel and Akpinar 2018; Tozluoglu et al. 2015; Costa et al. 2017). Bacterial
cellulose production is also 40 times faster than vegetable-plant cellulose production
(Dursun et al. 2006).

The comparison of the mechanical properties of bacterial cellulose (BC) with
other fibers is given in Table 1 (Costa et al. 2017). Intermolecular and molecular
hydrogen bonds hold the cellulose chains together, thus providing bacterial cellu-
lose fibers with properties such as low solubility and high water retention, as well as
high purity, mechanical resistance, elasticity, flexibility, and biocompatibility. BC
membranes are elastic and flexible and can be sterilized. In the scientific world,
bacterial cellulose is now being investigated and explored to find new potential
usage possibilities in various fields (Costa et al. 2017).

Although the first discovery of bacterial cellulose with the utilization of
Acetobacter xylinum bacteria by Adrean J. Brown was in 1886, the intensive works
on bacterial cellulose have begun only after the twentieth century (Wikipedia 2014;
Dursun et al. 2006; Costa et al. 2017; Tiboni et al. 2014). Brown vinegar fermenta-
tion studies observed a pellet-gelatinous heap on the surface of the liquid. Further
analysis showed that this layer is actually cellulose (Dursun et al. 2006). Researchers
reported that cellulose can actually be manufactured from various organisms such
as Acetobacter pasteurianum, Acetobacter rancens, Sarcina ventriculi, and
Bacterium xylinoides, and in 1949, the microfibril structure of bacterial cellulose
was characterized by Muhlethaler (Fig. 2) (Wikipedia 2014; Costa et al. 2017).
Today, bacterial cellulose studies are still continuing.

Width of fibers
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Fig. 1 Porous structure and width of bacterial cellulose fibers (Goh et al. 2012; https://commons.
wikimedia.org/wiki/File:Sizes.png)
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Table 1 Mechanical properties of bacterial cellulose

Tensile strength Deformation Young modulus
Material (MPa) (%) (GPa)
Polypropylene (PP) 3040 100-600 1-1.5
Polyethylene terephthalate (PET) 50-70 50-300 34
Bacterial cellulose (BC) 200-300 1.5-2 15-20

Fig. 2 Chemical structure of bacterial cellulose (https://commons.wikimedia.org/wiki/
File:Structure_of_a_bacterial_cellulose_synthase.png)

It is very interesting that bacterial cellulose is used as a local food (Nata) in
Southeast Asia. What is more, it is also used in the production of some functional
drinks (kombu and Manchurian tea) (Giizel and Akpinar 2018). It is possible to
produce bacterial cellulose in nature, but studies are still continuing in the laborato-
ries in order to realize large-scale production. Various methods are being investi-
gated to enable the production of bacterial cellulose in larger sizes than appropriate
cultures (Wikipedia 2014). Today, Acetobacter xylinum cellulose is used as a model
microorganism in biosynthesis studies (Dursun et al. 2006). Another type of bacte-
ria used today is Gluconacetobacter xylinus. This bacterium was taken as a model
of microorganism in biosynthesis and crystallization and in obtaining structural
characteristics of bacterial cellulose. More than 100 pores present in the membrane
of this microorganism allow the extrusion of cellulose to form a fibril element with
a diameter of 3.5 nm. Approximately 46 contiguous fibrils join along hydrogen
bonds to form a band having a width of 40-60 nm. The bands are wound to form the
other entangled fibers dispersed in the culture medium. Its thickness depends on the
culture time and can usually reach to 1 or 2 cm (Costa et al. 2017; Pecoraro et al.
2008; Wood 2007). Using a bacterium G. xylinus and Gluconacetobacter hansenii,
2% glucose (as a carbon source), pH 5-7, and a temperature range of 25-37 °C
begin to form a viscous gel after 2 h (Costa et al. 2017).
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Nowadays, bacterial cellulose could be used in a wide variety of commercial
applications such as textile, medical, cosmetic, and food applications and products
with the advancements in the synthesis of the material production and the detailed
determination of the bacterial cellulose properties (Giizel and Akpmar 2018;
Wikipedia 2014; Dursun et al. 2006). For instance, London fashion designer Suzan
Lee (senior lecturer at Central Saint Martins Textile Fashion School in London) has
been able to grow a kind of vegetable skin using green tea, sugar, bacteria, and yeast
(Biocuture 2014; Growing Your Own Fabric is Possible 2014; Wood 2007; Lee
2014; 10 Eco-Fashion Garments Inspired by Nature and Biomimicry 2012; Alter
Nature: The Future That Never Was 2011; Arcadia Boutique 2011). In kombucha
tea, a kind of fermented tea, it is possible to produce BioCouture extract and dry
cellulose with the help of bacteria, tea, and sugar which are used for fermentation
(Fig. 3) (Biocuture 2014). Kombucha tea is a fermented beverage/drink prepared
from tea, sugar, bacteria, and yeast (Wood 2007; Bauer 2014).

Yeast is added to the tub containing sweetened tea and bacteria to produce bacte-
rial cellulosic fibers, which then turn into a skin-like state (thin bacterial cellulose
leaves) (Biocuture 2014; Costa et al. 2017; Lee 2014). This material is a by-product

Fig. 3 Kombucha tea, microorganisms, and mother of kombucha tea (https://upload.wikimedia.
org/wikipedia/commons/b/b8/Kombucha_fermenting_black_tea.jpg;  https://upload.wikimedia.
org/wikipedia/commons/4/4a/Kombucha_mushroom.jpg; https://upload.wikimedia.org/wikipe-
dia/commons/f/f6/Kombuchacultsm.jpg)
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of the fermentation process and can remain in the tub for about 2 weeks (under the
controlled temperature conditions) to reach a sufficient thickness to produce gar-
ments. This layer is then taken and dried to form a final layer or dried to mold in
order to produce jackets, clothing, or other types of end-use-product garments
(Biocuture 2014; Costa et al. 2017). As the layers dry, the overlapping edges fuse
and form seams. When all fibers dry, the garment can be colored with natural plant
dyes or bleached if used as white (Biocuture 2014; Costa et al. 2017; Lee 2014; 10
Eco-Fashion Garments Inspired by Nature and Biomimicry 2012). Using this mate-
rial, Lee has been able to produce many different types of garments such as jackets,
dresses, shoes, kimono, shirts, etc. Shoes also were made as part of the BioCouture
project (Fig. 4). In this study, nine green tea bags in plastic containers, 540 g sugar,
632 mL vinegar, and 100 g commercial combo yeast bacterial cellulose were cre-
ated and used for Scarlett and Rhett designs (Nam and Lee 2016).

Having studied at Central Saint Martins Textile Fashion School, Erdem
Kiziltoprak has combined fashion, textile, and science and technology in his collec-
tion. In his study, he aimed to design modern body jewelry for men. In Kiziltoprak’s
work, kombucha tea, kombucha yeast (mixture of yeast and bacteria), sugar content,
and black/green tea mixture were used to grow its own fabric (Coleman 2011).

Another designer, Sammy Jobbins Wells, stretched the bacteria-made material to
make wearable objects and placed them on previously prepared frames. Wells says
her first inspiration was Suzanne Lee’s BioCouture project. He used kombucha-
cultured bacterial cellulose in his project. Wells stated that cellulose was very flex-
ible and durable when wet and that it was very difficult to remove bacterial cellulose
having a thickness of more than 2 mm. It was also stated that when the m